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Abstract 

The transition from capillary electrophoresis (CE) to massively parallel sequencing (MPS) 

in forensics presents an opportunity to review the choice of genetic markers used for 

identification and assess the ways in which we utilise them. In relation to short tandem 

repeat (STR) analysis, the move to assign alleles using sequence rather than length-

based methodologies has highlighted the extent to which previous allelic variation was 

masked. In this work, 1000 samples from five UK-representative populations (White 

British, West African, North East African, East Asian and South Asian) were typed using 

the ForenSeq™ DNA Signature Prep kit and MiSeq FGx™ Forensic Genomics System. This 

thesis addresses some of the key questions associated with the characterisation of novel 

sequence variants, such as back-compatibility with CE results, power of discrimination 

and nomenclature. A concordance rate of over 99% was obtained when comparing 

results of the ForenSeq DNA Signature Prep kit with CE, making it highly compatible with 

current DNA databases. The increased power of discrimination when taking sequence-

level variation into account was substantial, with an overall random match probability 

for the loci studied that was over 750 times lower than with length-based data alone. 

The added value of analysing flanking regions of STRs was found to be limited, although 

their inclusion in analysis is vital for accurate allele calling. 

The data from this PhD contributed 214 novel sequences to a larger project cataloguing 

autosomal STR variation. The large number of variants characterised at select markers 

brings into question the strategies for producing representative population data, yet 

also provides an opportunity to use this diversity in unique ways. The presence of 

population-specific sequence variation in particular raises the prospect of using STR 

profiles for population identification, both on their own and in combination with 

ancestry-informative single nucleotide polymorphisms (SNPs). STRs have largely been 

discounted for geographic ancestry determination due to their high mutation rate, 

which in turn makes them well suited for individual identification. Being able to obtain 

a DNA profile that can simultaneously be used for geographical ancestry estimation and 

searching against offender databases would be a huge benefit to the field of forensic 

identification in terms of time, cost, and sample availability. Across the five populations 

studied, good differentiation was achieved using sequenced STR profiles – results which 

also showed a clear improvement over length-based data. 
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1. INTRODUCTION 

1.1. DNA typing in forensic science 

In a letter to her father, Rosalind Franklin wrote: “Science, for me, gives a partial 

explanation for life. In so far as it goes, it is based on fact, experience and experiment.” 

A decade after writing this, she was to play an instrumental role in elucidating the 

structure of DNA, the molecule of life. Understanding the structure of DNA led to 

advances in numerous fields of science, from evolution to disease. In forensic science, 

DNA can be used as a calling card of sorts for the individual it belongs to, and can be 

used to identify a victim, perpetrator or missing person, as well as resolve relationships 

between individuals and provide investigative insights. The technology for performing 

DNA typing has come a long way since its inception in the 1980’s [1], with technological 

advances pushing the boundaries of what was believed possible, whilst always relying 

on fact, experience and experiment.  

1.1.1. DNA and individual identification 

Deoxyribonucleic acid (DNA) is a molecule which is often referred to as the blueprint of 

all cells, which contains the genetic instructions for the development, functioning, 

growth and reproduction of all known living organisms. This molecule is present in 

virtually all cells in the body and is composed of two chains of nucleotide bases that coil 

around each other, forming what is known as the “double helix”. The nucleotide bases 

are Adenine (A), Thymine (T), Guanine (G) and Cytosine (C). In humans, the DNA 

molecule is composed of approximately 6 billion pairs of these bases, split into 23 pairs 

of chromosomes within the nucleus of every cell in our body, with one from each pair in 

a person being inherited from the mother and the other from the father. One of the 

pairs of chromosomes code for the genetic sex of an individual: the X and Y 

chromosomes, while the other 22 pairs form the autosomal genetic make-up of this 

person. Any two unrelated humans of the same sex will share approximately 99.9% of 

their DNA composition [2].  

Identifying one individual from another is a core concept during forensic investigations 

– investigators must be able to accurately recognise the persons involved in a crime for 

example. Methods for distinguishing individuals range in means, accuracy, cost, and 
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level of sophistication. Eye-witness testimony, when available, can be an extremely fast 

way of getting an initial description of a suspect fleeing a scene, but it relies on human 

eyesight and recall, and is often influenced by bias, making it frequently unreliable [3, 

4]. More dependably, the evidence deposited at a crime scene can be used to make an 

identification. This evidence normally falls under two broad categories: marks and traces 

(e.g., fingermarks, footprints etc) and biological material (saliva, blood, semen etc).  

In forensic science, DNA profiling, or typing, is most commonly used to match biological 

materials such as blood, semen or saliva to the individual they came from. The principle 

relies on the isolation of DNA from such a matrix, amplification of specific target areas 

which are known to vary between individuals, and visualisation of these areas. As much 

of the genome is identical between individuals, highly variable DNA targets must be used 

for DNA profiling. Once a DNA “profile” is obtained, it can be compared to another 

profile, or searched against a database of profiles in order to obtain a match. 

1.1.2. DNA fingerprinting 

On the 31st of July 1986, 15-year-old Dawn Ashworth went missing from her home in 

Enderby, England. Two days later, her body was found on a footpath, she had been 

beaten, raped and murdered. The similarity to another case in the area led the local 

police to believe they had a serial killer on their hands, and local outcry led to resources 

being poured into the investigation to catch the killer. A new technique was used in this 

case for the first time, “DNA fingerprinting”. This method relied on comparing genetic 

signatures between two individuals, to identify similarities or differences, but it had yet 

to be used for criminal investigations. The police wanted confirmation that Richard 

Buckland, a local youth, had committed both crimes, given he had the same blood group 

as the sample found at the crime scenes, but he was exonerated when his “DNA 

fingerprint” did not match that of the semen found at the crime scenes. Later, the 

detectives working on the case came to decide that the technology that had exonerated 

Buckland should be used to catch the killer. They began a mass screening effort, in an 

attempt to collect blood samples from all males in the area of a certain age bracket. 

Suddenly, DNA testing was at the forefront of the national and international news. In 

August 1987, a man confessed to providing a sample on behalf of his colleague, Colin 

Pitchfork. Pitchfork was subsequently arrested and confessed to both crimes and was 

sentenced to life in prison, serving 33 years before his release in 2021 [5]. This case 
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marked a key milestone in the use of DNA evidence for forensic investigations, and, to 

date, it is estimated that more than 125 million samples have been uploaded to DNA 

databases across 60 countries in the context of criminal investigations [6, 7]. 

The method of DNA fingerprinting was first developed by Dr. Alec Jeffries in 1985, when 

he found that certain areas of DNA were repeated next to each other, over and over 

again [8]. He advanced the idea that the number of repeated sequences might differ 

between individuals, and that they could therefore be used to distinguish people. These 

regions Jeffries described became known as variable number of tandem repeats 

(VNTRs), and the technique used to visualise them called restriction fragment length 

polymorphism (RFLP), because it utilised a restriction enzyme to cut the areas directly 

surrounding the VNTRs. This technique for DNA Fingerprinting revolutionised DNA 

typing, as it was significantly more discriminatory than ABO blood group typing (where 

there are only four possible phenotypes, and 40% of the population has blood group 

“O”). It did, however, require lengthy processing time and expertise to interpret results, 

making it poorly suited for large scale and rapid DNA identification. It also required large 

amounts of intact DNA, making it inappropriate for a wide variety of forensic-type 

samples which have often been exposed to the elements, causing the DNA to degrade 

and fragment.  

1.1.3. STR profiling 

The compromise for speed of analysis and power of discrimination quickly came in the 

form of short tandem repeat (STR) markers, shorter versions of the VNTRs first described 

in 1985. Typical VNTR probes and RFLP markers used in the late 1980’s had repeat unit 

lengths of 9 (D1S7) to 38 (D17S79) base pairs, whereas STRs repeat unit length vary from 

2 to 7 base pairs [9]. These markers were easier to amplify using a technique called 

polymerase chain reaction (PCR), which provides the capability to copy and label a 

specific DNA sequence in order to make it easier to detect.  

For the last 20 years, forensic DNA typing has relied almost exclusively on the targeting 

of autosomal STRs (aSTRs) [10, 11]. STRs are ideal for human identification due to their 

highly variable nature and therefore high power of discrimination [12]. At each STR 

location, or locus, the number of repeats of a core DNA motif varies between individuals, 

and is known as an allele. In brief, STR-DNA profiling relies on successful extraction of 

DNA from a biological matrix, followed by amplification of multiple STR sequences (often 
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referred to as a “multiplex”) and their subsequent separation and visualisation. The 

number of repeats, or alleles, for each STR locus detected can be determined, and a 

profile obtained (Figure 1.1). An STR-DNA profile can then be compared to other profiles. 

If the alleles in two profiles are different, the samples from which the profiles have been 

obtained can be excluded as coming from the same individual. 

 

Figure 1.1: Theoretical example of STR profiles  

The repeat structure in this example is [AGAT]n, and the figure shows that person 1 has 

a 6, 13 profile, whereas person 2 has a 7, 10 profile at this locus. 

Separation of PCR products can be performed using slab gel or capillary electrophoresis. 

The concept of electrophoresis relies on the negative charge carried by molecules of 

DNA, which under the influence of an electric field, will migrate through a matrix at 

different speeds depending on molecular weight, thus separating amplified products 

based on their size. Gels are rarely used in forensic laboratories these days due to the 

tedious and sometimes hazardous process for preparing and loading gels. The advent of 

capillary electrophoresis (CE) brought with it a number of advantages, including 

requirement for less input material, faster run time, easier laboratory manipulation and 

the fact that less sample needs to be injected, meaning the PCR product could be re-

tested if needed [13].  

Silver staining of polyacrylamide gels was sometimes used to visualise STR amplicons in 

laboratories looking to reduce costs, as it only requires a gel box for electrophoresis, 

silver nitrate and other developing chemicals [14]. Despite the low cost and ease of use, 

silver nitrate quickly went out of favour due to the complexities in interpretation and 

single colour (meaning PCR product size was the only method for differentiating alleles). 

The latter issue was somewhat resolved by switching to fluorescent detection, which 

enabled the labelling of potentially overlapping PCR products with different coloured 

6
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7
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fluorescent dyes [15, 16]. The dye is normally attached to a PCR primer that is 

incorporated into the amplified target region, which can then be measured by exciting 

the dye molecule and detecting the emitted light – visualised as bands on a gel, or peaks 

on an electropherogram. Allelic ladders are then used to assign the correct allelic 

designation to these peaks. An allelic ladder is an artificial mixture of all common alleles 

present in the human population for a particular set of STR markers, amplified using the 

same primers as the tested samples in order to provide a reference DNA amplicon size.  

By the mid 1990’s, DNA testing was entering its second decade and STR typing through 

PCR amplification, CE separation and fluorescent detection was fast becoming the 

technique of choice. In April 1995, the UK launched its first National DNA Database (see 

1.1.7), leading the way for standardisation of STR marker typing.  

1.1.4. Types of STR markers 

Traditionally, STRs are described according to variation in repeat unit length: di-, tri-, 

tetra-, penta-, hexa-nucleotide markers. These markers also vary in the number of 

repeat units that can be observed (for example, a range of 3-14 repeats for the marker 

TH01 according to STRBase [17]), and in the rigour with which alleles conform to a 

specific repeat pattern. Simple repeat loci, such as TH01 are typically composed of 

repeat motifs of identical length and sequence (e.g. AATG). Compound repeat loci are 

composed of two or more adjacent simple repeats, such as D12S391 which has a 

combination of AGAT and AGAC. Finally, complex repeat loci may contain several repeat 

motifs of variable length, as well as variable intervening sequences. D21S11 is one 

example of a complex repeat locus and is best visualised in Table 1.1. 

Designation of alleles is typically done according to nomenclature rules set out and 

updated by the DNA commission of the International Society of Forensic Genetics (ISFG) 

over the years [18]. For complex repeat loci especially, it is expected that there are single 

base changes at the sequence level which will not affect the allele designation. In the 

case of insertions or deletions, these will affect the size of the amplicon as separated 

with CE, but so long as the allele peak corresponds to an allele bin, it will be assigned 

that allele designation. 
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Table 1.1: STR repeat categories and example loci, repeat region sequence and 

designation 

STR Repeat category STR locus Repeat region sequence Allele designation 

Simple repeat TH01 [AATG]7 Allele 7 

Compound repeat D12S391 [AGAT]11 [AGAC]8 Allele 19 

Complex repeat D21S11 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCATA [TCTA]9 Allele 28 

 

1.1.5. Commercial STR kits 

Most forensic laboratories do not have the time to design PCR primers or optimise 

multiplexes for targeted amplification of STRs of interest. Ready-made STR kits are 

popular within the forensic genetics community as they remove this time and resource 

constraint, whilst also facilitating the sharing of data between laboratories and 

standardising validation criteria and benchmarks for database uploads. Typical 

commercial STR kits consist of the following components: 1. A buffer containing 

deoxynucleotide triphosphates, MgCl2 and other necessary reagents; 2. A PCR primer 

mix, containing primers designed to amplify and fluorescently tag a specific set of STR 

loci; 3. A DNA polymerase (sometimes combined with the buffer); 4. An allelic ladder 

with a mixture of common alleles for the STR loci being amplified and finally; 5. A positive 

control DNA sample. Discordance between results obtained with different kits can occur 

due to differences in primer design for the same loci. Rare changes in template 

sequences chosen as target binding sites for commercial primers may cause the primer 

to not bind at all, or with reduced affinity. This in turn can lead to what is called a null 

allele (i.e., an allele that did not amplify and therefore isn’t visible). If different 

commercial kits amplify the same loci using primers placed in different places, then it is 

possible that this change in sequence in the template may affect the set of primers in 

one kit but not in another. 

1.1.6. Evaluating a DNA match 

If two profiles cannot be differentiated, suggesting that the samples could have 

originated from the same donor, the strength of such a match must be evaluated. There 

are various methods for doing this, although most rely on statistical calculations such a 

Likelihood Ratio (LR) or Random Match Probability (RMP), i.e. the chance that a 
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randomly selected, unrelated individual will have the same combination of alleles at the 

STRs tested [19]. To calculate this, the frequency of each allele for any given marker 

within a population must be known. Historically, data from a minimum of 100 individuals 

per population group was used to generate these frequencies, otherwise known as 

population databases [20, 21]. If a profile contains a “rare” allele, this will push the 

strength of a match further, making the results more discriminatory. As a general rule, 

increasing the number of markers targeted will also increase the power of discrimination 

of a DNA test. This is one of the reasons that commercially available STR kits have 

evolved from 10 to 24 markers, with kits targeting 17 markers recommended in England 

and Wales since 2014 [22]. 

1.1.7. DNA Databases and Core STR Loci 

Forensic DNA databases are an essential part of forensic DNA profiling. Generally, after 

a sample is collected from a crime scene and a DNA profile obtained, the profile will be 

searched against a database of known offenders. The first national database to comprise 

STR DNA data was established in 1995 in the UK, and by the end of 1999 it contained 

over 700,000 profiles [23]. Six initial STR markers were used to form this database: TH01, 

vWA, FGA, D8S1179, D18S51 and D21S11. By 2005, there were seven core loci that 

overlapped between all of the European databases and laboratories, but this still wasn’t 

sufficient to avoid adventitious matches occurring when comparing profiles across 

borders. As a result of this, the European Network of Forensic Science Institutes (ENFSI) 

and the European DNA Profiling Group (EDNAP) have worked collaboratively for a 

number of years to achieve standardisation of DNA profiling throughout Europe [24]. 

Whilst individual countries and laboratories have sought to increase the discrimination 

power and improve robustness and sensitivity of their assay of choice, the collaboration 

of these major networks has additionally caused a shift in emphasis to expand core 

marker sets in order to increase the efficiency of DNA databases. This in turn led to the 

incorporation of these markers into commercially available assays, to meet the demand 

of the field. If a larger number of core markers overlap between different countries, 

there can be a more efficient cross-border exchange of profile data [25]. Using larger 

and more discriminatory STR sets can also help for investigative tools such as familial 

searching [26], when a direct match is not obtained when searching for a profile on a 

DNA database. In these cases, relatives of the true source of the profile can be searched 
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for in the database. In more recent years, recommendations from multiple working 

groups have led to the expansion of the European Standard Set [27], and of the CODIS 

STR markers in the USA [28, 29].  

1.1.8. Limitations 

Although advances in recent years have led to very sensitive assays for DNA typing, there 

are a number of limitations associated with current techniques. Primarily, the fact that 

most STR assays today rely on size-based amplicon separation and fluorescent dye 

detection has several implications. With all STR-CE kits, the number of markers that can 

be analysed simultaneously is limited by the fact that within a single dye channel, all 

amplified products must be distinguishable by size. Each dye channel is limited to a 

maximum of approximately 500 nucleotides, and the range of alleles for each STR locus 

must fit alongside the other loci in the same channel [30], with most commercially 

available assays targeting amplicons that range from 80 to 500 base pairs (bp) [31-33]. 

One of the most established CE platforms is capable of collecting data from 6 dye 

channels, and by extension, analysing up to 24 loci [34-36]. The latest innovation in CE 

technology suggests the possibility of collecting data from 8 dye channels and targeting 

up to 35 loci [37], but at the time of writing there were no scientific publications 

demonstrating performance or results for this.  

This restriction to the number of loci that can be targeted and accompanying necessity 

for specific target sizes for accurate size-based separation have a number of implications 

for forensic type samples. Degraded DNA is commonly encountered in criminal 

casework, mass disaster victim identification and missing persons cases. Here, the 

exposure of biological materials to environmental factors, inhibitors, time since 

deposition etc. may lead any DNA present to become fractured [38]. The more degraded 

the sample, the less likely it is that recovering large portions of intact DNA will be 

possible. For STR analysis, higher molecular weight amplicons have an increased chance 

of not being amplified (also known as “drop out”). If too few loci are recovered, there 

may be insufficient data to obtain a useable result. Targeting smaller amplicons may 

improve the chances of obtaining results, but the restriction of amplicon size for CE 

analysis means that, despite best efforts to move primers closer to the target region, 

there are still design implications which limit the extent of what is possible [39, 40].  

Where in the past, a large amount of material was needed to produce a DNA profile, 
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today a profile can be obtained from minute amounts of sample collected from almost 

any surface. The fact that DNA typing techniques have evolved to become so sensitive 

means we can deliberate more complex scenarios, including the analysis of “touch 

DNA”, where surfaces that have been touched by multipe individuals are considered 

[41]. This in turn means that the odds of collecting biological samples containing DNA 

from more than one individual from a crime scene are constantly increasing. These 

“mixtures” have always been present at crime scenes, but due to lower sensitivity would 

not necessarily have been detected. As stated in the 2021 National Institute of Standards 

and Technology (NIST) Scientific Foundation Review on DNA Mixture Interpretation: 

“From a historical perspective, […] increase in DNA test method sensitivity and 

willingness to attempt examination of smaller quantities of DNA have resulted in an 

increase in samples and sample types submitted to forensic laboratories.”[42]. As the 

number of contributors to a DNA profile increases, the probability of resolving it into 

individual components fundamentally decreases [43]. Using the largest and most 

polymorphic set of STRs possible will increase the chance of distinguishing components 

in a mixture [13, 44]. Here again, the limitation to the number of markers that can be 

targeted using STR typing and CE means there is sometimes insufficient power of 

discrimination for certain lines of enquiry. Additionally, if an investigation requires 

testing of Y or X chromosome STRs, as is often the case for sexual assault cases or for 

establishing complex relationships, these markers must be analysed using additional 

testing, often subsequent to autosomal STR analysis. This type of iterative testing 

requires additional DNA, which may be limited in cases where the amount of sample is 

limited.  

1.1.9. Single nucleotide polymorphisms  

A single nucleotide polymorphism (SNP) is another type of marker sometimes used for 

DNA typing, and can be described as a single nucleotide position where at least two 

alleles can be found within a population. Here, alleles are defined by the different 

nucleotide that can be seen at this SNP position. Traditionally, the frequency of the 

minor allele has to be present at a significant global frequency of over 1%. In 2003, the 

HapMap Project identified approximately 10 million SNPs that met these criteria in the 

worldwide population [2]. The Human Genome Project went on to characterize 84.7 

million SNPs, and estimated that on average, each person differs from the human 
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reference genome at 4.1-5 million sites, with SNPs and Indels (insertions/ deletions) 

forming over 99.9% of this variation [45]. These markers have been used for a long time 

in medical genetics, but their use in forensic DNA typing is becoming more prevalent 

due to the number of advantages they have over STR-DNA analysis. Typically, given the 

target area is just one base, SNP amplicons are drastically shorter than STR amplicons 

(usually <150bp), making them well suited for the analysis of degraded DNA, where 

genomic fragmentation is likely to have occurred. SNPs are also not prone to stutter, the 

result of polymerase “slippage” observed when amplifying STR loci. They have a lower 

mutation rate compared to STRs, which is useful for certain applications such as kinship 

analysis (where decreased number of mutations over the course of generations will lead 

to a reduced chance of false exclusion). As a result of this, and their usually bi-allelic 

nature, SNPs also have significantly less discriminatory power than STRs for individual 

identification. Gill et al. predicted that a set of 50-100 SNPs would need to be amplified 

to match the power of discrimination and mixture resolution capability achieved with a 

kit targeting 16 STRs [46]. More recent research has shown that a panel of 50-60 well 

chosen identity informative SNPs can reach the same power of discrimination as 

commonly used STR kits [47, 48] 

A major challenge for SNP analysis has been the simultaneous amplification of enough 

loci to obtain the required power of discrimination for forensic DNA typing. One 

technique for multiplex SNP analysis is called “SNaPshot” which relies on single base 

extension with fluorescent dye-labeled dideoxynucleotide triphosphates (ddNTPs) at 

the 3’ end of a primer directly upstream of the targeted SNPs, following amplification of 

the SNP region by PCR [49]. This has been the technique of choice for SNP analysis since 

the early 2000’s in forensic practise, as it allows alleles to be detected by CE, which was 

the instrumentation already in place for this type of laboratory [50]. Multiplexing 

capability with this technique is of about 30-50 SNPs, which can still be insufficient in a 

forensic context [51]. A huge benefit of using SNPs is that they can also be used for the 

prediction of certain traits such as phenotype and bio-geographical ancestry, which will 

be discussed later in this chapter.  
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1.2. Massively parallel sequencing 

Fred Sanger believed that knowing the specific chemical structure of a biological 

molecule was necessary for a deeper understanding of its function and mechanism of 

action [52]. Around 1977, the method he developed for protein sequencing was first 

applied to DNA. Sanger sequencing, as it has come to be known, starts with the use of 

short primers binding near the region of interest. Each DNA strand is sequenced in a 

single reaction with the appropriate primer. In the presence of the four DNA nucleotides, 

a DNA polymerase will extend the primer by adding the complementary nucleotide from 

the DNA template strand. By using modified nucleotides with a removed hydroxyl group 

at the 3’ end of the molecule called dideoxyribonucleotide triphosphates (ddNTPs), this 

ensures that the reaction stops here, i.e. the ddNTPs act as chain terminators. 

Extendable dNTPs are present alongside ddNTPs in the reaction mix so that some 

portions of the DNA are extended. Sanger sequencing results in the formation of 

different length fragments, which can be separated by  CE to a resolution of one base. 

Each ddNTP is labelled with a different fluorescent dye, which can be identified and 

visualised as individual bases of a DNA molecule 

Despite the success and continued use of Sanger sequencing, many applications 

required faster, higher throughput technology. In the field of forensic science, 

laboratories focussed on PCR amplification and CE for the analysis of STRs, although 

Sanger sequencing is still used in certain specific cases, and for individual SNP analysis.  

Massively parallel sequencing (MPS), also referred to as second generation sequencing 

or as next generation sequencing (NGS) is a high throughput approach to genomic 

sequencing. The technology was first introduced in 2005, and is now commonly used in 

oncology, microbial genetics and disease genomics worldwide [53, 54]. MPS allows the 

entire human genome to be sequenced at once, which can provide access to all genetic 

variation between individuals including those occurring in coding, regulatory, and 

intronic regions. Whilst this can be valuable in the study of diseases and biological 

systems, it requires a significant sequencing and interpretation effort. More recently, 

MPS has been applied to the field of forensics, with researchers discussing a move from 

forensic genetics to forensic genomics [55], and from next generation sequencing to 

“now generation sequencing”[56]. In forensic DNA typing, targeted sequencing is more 

appropriate than whole genome sequencing; by sequencing a dense set of loci, 
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casework and database efforts are directed towards genomic regions that best answer 

forensic questions. This relieves privacy concerns and produces less data than whole 

genome sequencing, thereby simplifying analysis.  

1.2.1. Advantages over capillary electrophoresis 

Unlike CE, which translates DNA molecule migration time into DNA fragment length, 

sequencing allows the visualisation of underlying bases of DNA molecules. This has a 

major impact on the analysis of STRs – given each base of the target DNA is sequenced, 

variation at the molecular level can now be investigated. As a result, alleles of the same 

size but differing in sequence, which would previously have been masked with CE, can 

now be differentiated using MPS [57-65]. These are sometimes referred to as “iso-

alleles”, an example of which is shown in Figure 1.2. This alone provides one of the major 

strengths of MPS over CE, given a larger number of detectable alleles will result in a 

more discriminatory test.  

 

        

AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAC AGAC AGAC AGAC AGAC AGAC AGAC AGAC AGAC 

AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAT AGAC AGAC AGAC AGAC AGAC AGAC AGAC AGAC AGAT 

 

Figure 1.2: Example of iso-alleles at D12S391 

Both alleles are the same length (20 repeats) but differ at the sequence level (bottom, 

sequence). In a CE profile (top, left), these alleles would be indistinguishable. Using MPS 

(top, right) however, the difference can be visualised thanks to access to sequence-level 

information. The X axis for both graphs represents the alleles, and the Y axis represents 

the intensity (in relative fluorescence units for CE, and in number of reads for MPS). 

Mixtures, or DNA profiles from several individuals, are a commonly encountered issue 
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in forensic science, and sequence variation is likely to be a useful tool for deconvoluting 

contributions within such a sample [66]. It can also be used to separate a true allele from 

a stutter/artefact product, as demonstrated in Figure 1.3. Stutter is commonly 

encountered when analysing results from STRs amplified using PCR, and is the result of 

DNA polymerase slippage. Because of the repetitive nature of STR sequences, the DNA 

polymerase enzyme can “slip”, usually backwards, resulting in a DNA fragment that is 

one repeat motif shorter than the true sequence [67]. This is often referred to as “N-1” 

stutter, and “N+1” can also occur, when the DNA polymerase slips forward by one repeat 

motif. With CE, stutter products appear as separately sized peaks on an 

electropherogram, and can be indistinguishable from a true allele of the same length. In 

a single source profile (from one individual), stutter peaks usually have an appreciably 

lower intensity than the true allele, and for data interpretation purposes, acceptable 

stutter percentages are usually established during method validation and applied to 

each STR locus targeted. When dealing with mixed source profiles (from more than one 

individual), stutter often complicates analysis as it may mask or confuse interepretation 

of a minor contributor allele [68]. Although stutter is still encountered with MPS due to 

the underlying reliance on PCR, there is a increased chance of differentiating it from a 

true allele if the sequences differ [69].  

 

Figure 1.3: Theoretical example of a 2-person mixture 

In this example, there is a mixture of two DNA profiles, where one is present at a higher 

concentration (the major contributor), and one at a lower concentration (the minor 

contributor). Sequence level variation is used to distinguish the minor profile allele 14 

from the stutter product of the major allele 15. 
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Other advantages over CE include MPS’ increased locus multiplexing ability, which 

makes it an ideal tool for DNA identification [62, 63, 69-74]. The lack of size restriction 

means a much larger number of autosomal STRs can be investigated, expanding 

capability past the core STR loci sets, as well as markers of different types. Targeting 

SNPs can strongly increase the chance of obtaining information from degraded samples, 

often encountered in a forensic context  [69, 75]. Sex chromosome markers can help 

provide information in cases of complex relationship identification [76], disaster victim 

identification [77] or sexual assault [78], and are often run as an additional test to 

autosomal STRs with CE for such cases. With MPS, these markers can be run 

simultaneously, thus saving time and resources [79]. The sequence variants, as well as 

the additional markers, can increase the power of discrimination of a DNA test. 

As MPS can be used to analyse a much wider range of targets than was previously 

available, there is now the potential to multiplex more than just identity informative 

markers. The ability to infer what someone looks like in terms of their externally visible 

characteristics, and where they are from in terms of global populations (where their 

ancestors are from, otherwise known as “bio-geographical ancestry”) are useful tools to 

supplement traditional DNA profiling [80]. “No hit, no suspect” cases arise frequently, 

where a DNA profile returns no match from a database, and no suspect has been 

identified by either a victim or during police investigation. Here, the ability to determine 

externally visible traits such as hair colour, eye colour and bio-geographic ancestry from 

DNA evidence can provide investigative leads to help solve a case [81, 82]. Phenotypic 

and bio-geographical ancestry informative SNPs can also be useful in the case of 

historical remains, where a reference sample or next of kin may be lacking [83-86]. The 

use of MPS to investigate factors such as ancestry and physical characteristics has 

already been well documented [87-90], including research performed using custom SNP 

panels [90] and commercially available solutions such as the ForenSeq DNA Signature 

Prep Kit primer mix B panel discussed further[89].  

De Knijf [56] suggests that one of the factors accounting for the late adoption of MPS in 

forensics is the often limited and degraded nature of the DNA encountered regularly 

from crime scenes. Forensic cases often involve samples where the DNA is found to be 

in poor condition. Exposure to the elements and other external factors can all contribute 

to DNA degradation, where the genetic material is fragmented. This means that, for 
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these types of samples, smaller target regions are likely to yield better results [91]. The 

improved locus multiplexing ability and small amplicon size for both STRs and SNPs make 

MPS a helpful tool for analysing degraded samples. The applicability of MPS on degraded 

DNA has already been investigated in a number of publications, with markers such as Y-

STRs and SNPs proving useful when autosomal STRs alone have not yielded sufficient 

information [90, 92-94].  

1.2.2. Flanking regions of amplicons 

Flanking regions refer to the sequences between where the PCR primers bind and the 

target region, which in the case of STRs is usually the repeated region. With CE analysis, 

these regions were only considered in so much as they contribute to the overall PCR 

amplicon size, and that deletions or insertions in these regions could cause issues with 

allele designation. Because MPS results provide the full sequence of all amplicons, it is 

now possible to view flanking regions. Although much of the initial published research 

on STR sequence variation [62, 70, 73, 95] has focussed on the repeat regions of STRs 

given these are historically of more importance, preliminary investigations into the 

flanking regions of these markers has shown that further variation can be observed here, 

thus further increasing the power of discrimination of the MPS test [63, 96-98].  

1.2.3. MiSeq FGx Forensic Genomics Solution 

The MiSeq sequencer is a benchtop sequencer manufactured by Illumina, which allows 

for small genome and targeted sequencing [99]. The MiSeq FGx™ Forensic Genomics 

Solution (Verogen, San Diego) was first released by Illumina in 2015, comprising of an 

application specific MiSeq platform and dedicated library preparation kit. 

1.2.3.1. ForenSeq DNA Signature Prep Kit 

In order to prepare DNA for sequencing on an MPS platform, a process called library 

preparation must take place, with a “library” effectively being a DNA sample that is 

ready for sequencing. As with traditional DNA typing, this process starts with targeted 

amplification of areas of interest. The ForenSeq™ DNA Signature Prep Kit (Verogen), 

targets 27 autosomal STRs, 24 Y-STRs, 7 X-STRs and 94 identity-informative SNPs when 

using DNA primer mix A (DPMA) [100]. These markers cover the majority of autosomal 

STRs commonly targeted by commercially available and recommended STR kits such as 

the PowerPlex® ESI 17 and GlobalFiler® kits [34, 101], as well as Y STRs and X STRs 



 27 

routinely used in forensics – the advantage being that all markers can be amplified 

simultaneously in one reaction. The identity informative SNPs were selected from 

published research and chosen based on the fact that they are polymorphic across 

global populations (i.e. where both alleles are found at high frequency worldwide) [50, 

102, 103]. There is also the option of using DNA primer mix B (DPMB), which contains 

primers for the same markers as DPMA, as well as those for phenotype and bio-

geographical ancestry-informative SNPs. 54 ancestry informative SNPS (aSNPs) were 

selected from the Kidd lab aSNP panel [104, 105] and 22 phenotype informative SNPs 

(pSNPs) were selected from the HIrisPlex system, a set of markers specifically developed 

to determine the hair and eye colour of an individual based on their DNA [106, 107]. The 

amplicon range for this kit is 60-460 bp, with SNPs forming the majority of the markers 

under 200 bp [108]. In DPMB, 190 markers are below 200 bp in size [109]. Depending 

on the level of degradation of a DNA sample, this can offer an important improvement 

over current CE-based STR kits [110, 111]. For example, only 6 out of the 9 STR markers 

targeted in the AmpFℓSTR MiniFilerÒ PCR Amplification Kit, which was specifically 

designed for degraded samples, fall below 200 bp [112, 113]. 

The steps for library preparation are described in Figure 1.4. Following initial 

amplification of targeted STRs and SNPs, the amplicons are exposed to a second round 

of PCR to incorporate indices, which are short (8 base pairs) known sequences that act 

as barcodes, which will allow amplicons belonging to different samples to be teased 

apart during the data analysis process, and adapter sequences, which will be necessary 

for the sequencing process to begin. Once these have been added, the samples are 

effectually “DNA libraries” and can be sequenced. A purification step forms part of the 

protocol to remove unincorporated dNTPs, primers and other reagents, before a 

normalisation step to ensure equal representation of DNA from each sample. Finally, 

the libraries are pooled together, ready for sequencing. When using DPMA, up to 94 

reference samples and 2 controls can be sequenced simultaneously. With DPMB, due to 

the higher number of markers targeted, the manufacturer recommendation is to 

sequence no more than 30 samples and 2 controls at the same time. The kit is used to 

prepare libraries for sequencing on the MiSeq® FGx system [114], and its performance 

has been evaluated in several publications, where it has been found to be robust and 

sensitive for forensic applications [73, 74, 89, 115-117]. More recently, a number of 
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internal and inter-laboratory studies have also been undertaken to evaluate the kit for 

different forensic applications [118-120].  

 
Figure 1.4: ForenSeq DNA Signature Prep Kit protocol 

PCR1: A pool of target-specific oligonucleotides in the ForenSeq™ DNA 
Signature Prep Primer Mix is used to amplify and tag STRs and SNPs

PCR2: Tagged products have sequences added for sample multiplexing 
and flow cell binding

Bind

• Magnetic Purification Beads are mixed with libraries
• Library binds to beads

Wash

• Beads attracted to magnet and pulled out of solution
• Ethanol wash removes excess primers and reagents

Elute

• Excess ethanol removed
• Purified library eluted off beads with buffer

Purify Libraries: Magnetic beads and ethanol washes are used to remove 
excess primers and reagents

Library Normalisation: Normalises the quantity of each library to ensure 
more equal representation in the final pooled library

Completed libraries: 
Range of yields

Normalised libraries:
Equally represented

Target

Forward primer

Reverse primer

Forward tag

Reverse tag

Target

i5 index

i7 index

i5 adapter

i7 adapter

Target Reverse tagForward tagI5 index I7 indexI5 adapter I7 adapter

Pool and Sequence: Libraries are combined and loaded onto the MiSeq 
FGx for sequencing
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1.2.3.2. Cluster generation  

Prepared libraries are loaded into a reagent cartridge which is then placed in the MiSeq 

FGx (Figure 1.4, final stage). Cluster generation and sequencing take place on a glass 

slide called a flowcell. The flowcell has an etched lane, and at the start of any sequencing 

run the single stranded DNA library fragments and reagents are pumped along this lane, 

which is coated with two types of oligonucleotides – complementary to the i5 and i7 

adapters bound to each fragment.  Hybridisation occurs between the DNA library 

fragments and this “oligonucleotide lawn”, and a complementary strand of each 

hybridised fragment is then synthesised. The double stranded molecule is subsequently 

denatured and the original template strands are washed away. The newly synthesised 

DNA fragment then bends over and forms a “bridge” to another oligonucleotide on the 

flowcell, and a complementary strand is synthesised, leading to two complementary 

strands being attached to the flowcell. These are denatured, bent over to form another 

bridge, hybridise to another oligonucleotide and new strands are synthesised. This 

process is repeated for a number of cycles and is referred to as “bridge amplification”, 

leading to clusters which contain thousands of copies of the same initial DNA library 

fragment (Figure 1.5). After bridge amplification, all reverse strands (fragments with P5 

complement sequence) are removed, leaving just the forward strands for sequencing by 

synthesis [121].  
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Figure 1.5: Cluster generation on a MiSeq flowcell 
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1.2.3.3. Sequencing by synthesis 

Illumina’s sequencing by synthesis (SBS) technology is a widely accepted approach for 

sequencing PCR amplicons and is the basis of more than 3500 publications. The chemical 

concepts are similar to Sanger sequencing, with each nucleotide of a small fragment of 

DNA template sequentially identified from signals emitted during a series of synthesis 

cycles. The term “massively parallel sequencing” comes from the fact that each of the 

millions of clusters on a flowcell can be sequenced simultaneously.  

At the start of a run, a sequencing primer hybridises to the 3’ end of the I5 adapter 

sequence of the forward strand of each molecule attached to the flowcell. A 

combination of polymerase and four fluorescently labelled deoxyribonucleotides 

(dNTPs) with 3’ reversible terminators are pumped over the flowcell surface, allowing 

the detection of each single complementary base that is incorporated into a growing 

DNA strand. The fact that the Illumina chemistry contains a mix of all four reversible 

terminator bound dNTPs during each sequencing cycle minimises competition for base 

pairing (“incorporation bias”). As each dNTP is added, a fluorescently labelled 

terminator is imaged and then cleaved to allow incorporation of the next base [121]. 

Fluorescence is captured by a camera which records four images during each 

incorporation, one for each of the dNTPs, which emit light at different wavelengths 

(Figure 1.6). As all the strands in a cluster have the same sequence, the light they emit 

is recorded as one single signal. The incorporation, detection and cleavage steps 

constitute a single cycle which is repeated a number of times to achieve the desired read 

length (i.e. 300 cycles would equate to 300 base pairs). MiSeq reagents typically enable 

up to 15 Gb of output per run, with 25 million sequencing reads and up to 600 cycles 

(often split into 2 X 300 bp read lengths) [99].  
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Figure 1.6: Image of a flowcell during sequencing on the MiSeq FGx 

Light emitted for cycle 1, base C. 
A ForenSeq DNA Signature Prep Kit run consists of 398 sequencing cycles. “Read 1”, 

described above, is sequenced for 351 cycles [122], after which the read 1 product is 

removed from the flowcell bound strand, and the i7 sequencing primer is hybridised to 

the 5’ end of the i7 adapter (Figure 1.7). “Index Read 1” consists of eight cycles, used to 

identify the i7 index associated with the sample. Once this is finished, the i7 read product 

is removed and the template bends over to hybridise to an adjacent P5 oligonucleotide 

on the flowcell, which then serves as the i5 sequencing primer for “Index Read 2” (also 

eight cycles). The i5 read product is then removed, and the original template strand is 

used to synthesise a complementary strand attached to the P5 oligonucleotide. The two 

strands are denatured, and the original forward strand is cleaved off, leaving only the 

single-stranded reverse strand bound to the P5 oligonucleotide. “Read 2” starts with the 

read 2 sequencing primer hybridising to the 3’ end of the i7 adapter, and in a ForenSeq 

DNA Signature Prep Kit run consists of 31 cycles. 
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Figure 1.7: Sequencing by Synthesis of a ForenSeq DNA Signature Prep kit library  

Read 1 sequencing begins with the hybridisation of the Read 1 sequencing primer to the 

3’ end of the i5 adapter sequence (“Forward tag”). Index read 1 starts with the 

hybridisation of the i7 sequencing primer to the 5’ end of the i7 adapter sequence 

(“Reverse Tag”). The molecule then bends over to hybridise with an adjacent P5 

oligonucleotide, which serves as the i5 sequencing primer for Index read 2. Following 

reverse strand synthesis and denaturing, Read 2 sequencing begins with the 

hybridisation of the Read 2 sequencing primer to the 3’ end of the i7 adapter sequence.  

 
1.2.3.4. MiSeq FGx sequencing metrics 

When assessing the quality of a MiSeq FGx sequencing run, several metrics are taken 

into consideration: 

a. Cluster density: The number of individual libraries that formed clusters on the 

flowcell. This metric is related to the loading concentration of the DNA library 

pool. Too high, and the clusters could overlap, leading to overlapping fluorescent 

signals and issues for base calling [123]. Too low, and the clusters could be 

spaced too far apart and result in low sequencing read coverage of some 

libraries. 

b. Cluster Passing Filter: The percentage of clusters that passed an internal quality 

filter. This metric is related to cluster density: Ideally, each cluster is distinct, and 

this filter removes the least reliable data, often derived from overlapping 

clusters. 

c. Phasing and prephasing: During sequencing, reversible terminators should 

ensure a single dNTP is incorporated during each cycle, however in some of the 

strands of a cluster more than one base will occasionally be added [124]. This 

can cause the strand to be ahead of the others and is known as “pre-phasing”. 

Conversely, in some strands no dNTPs may be added, leading to “phasing”, 

where these strands are lagging.  

Target Sequence Reverse TagForward TagI5 index I7 index I7 adapterI5 adapter

Read 1 Primer I7 Primer

Read 2 PrimerP5 Oligo
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1.2.3.5. Data processing 

Sequencing data is processed first on the MiSeq FGx, before being transferred to a server 

containing the Universal Analysis Software [122]. During the first few Read 1 sequencing 

cycles, the location coordinates of each cluster on the flowcell are determined. 

Fluorescent images for every cycle are aligned to these coordinates at the end of a 

sequencing run, and cluster intensities are extracted. A filtering step removes poor 

quality clusters caused by over-clustering, poor amplification or sequencing using a 

chastity filter. Clusters that pass this filter are converted to base calls based on the signal 

intensities for each cycle, with quality scores recorded in a .bcl file.  

Prior to sequencing, the dual index combination for each sample is recorded in a sample 

sheet, which is then used for demultiplexing clusters belonging to individual libraries in 

a pool during data processing. Base calls for each identified cluster are combined and 

recorded in a .fastq file for each library.   

1.2.3.6. Universal Analysis Software 

The ForenSeq Universal Analysis Software (UAS) utilises two different bio-informatic 

methods for the extraction of target sequences for STRs and SNPs from the library fastq 

files.  

1) SNP sequencing reads are aligned to the human reference genome (hg19) using 

a Smith-Waterman-Gotoh algorithm [125], whereby the SNP locus and strand is 

identified using the primer sequences, the reads are aligned, and the SNP locus 

is confirmed using the read 2 sequence. 

2) STR sequencing reads are aligned using a Needleman-Wunsch algorithm [126], 

which identifies primer sequences and seed sequences in the flanking regions of 

both sides of the STR to identify the allele. For simple STR loci, the number of 

expected repeats for the locus are counted in order to name the allele (according 

to length-based nomenclature). For complex or compound STR loci, a more 

customised interrogation of the locus is conducted to correctly call the allele.  

After allele calling, each read is assigned to a locus and the abundance of each sequence 

is recorded as “read coverage”, and genotyping thresholds are applied by the software. 

UAS uses a number of thresholds and parameters during genotyping. Two adjustable 

thresholds exist within the software: an analytical threshold, below which no alleles can 
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be called and is set by default to 1.5% of the total reads aligned to that locus with a 11 

read cut off; and an interpretation threshold, below which alleles are not automatically 

called but can be changed manually, set by default to 4.5% of the total reads and with a 

30 read cut off. Figure 1.8 shows an example profile for the locus Penta E in UAS, 

including how the two thresholds are visualised. STR loci have an additional, loci specific, 

adjustable stutter threshold. A number of “flags” for identifying loci-level considerations 

such as heterozygous imbalance, elevated stutter, an incongruous number of alleles and 

other factors are also applied by the software [122]. 

 

Figure 1.8: Example of UAS profile for STR locus Penta E 

The two alleles in this heterozygous profile are shown in blue, with the allelelic sequences 

given at the top. The analytical and interpretation thresholds are visualised on the chart 

in dark grey and light grey, respectively. Screenshot taken of actual software. 

Once the results for a sample have been manually checked in UAS, reports can be 

downloaded at the sample or run level. Sample detail reports contain all of the 

sequences for the target region of the STR and SNP amplicons with 11 or more reads, 

including any possible stutter or sequencing artefacts. Sample summary reports are 

similar, but only contain sequences that have been designated as allele (either initially 
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by the software algorithm or following manual change by the analyst). Earlier versions 

of the software did not include any form of analysis of the flanking regions of the STRs 

or SNPs, but version 1.3 included an additional feature to export a report containing full 

amplicon sequences with 11 or more reads, and has been available since April 2018. 

UAS has been compared to other available software tools. In 2017, Wendt et al. found 

variations in the depth of coverage of alleles identified using UAS and a software called 

STRaitRazor [127], which they suggest is likely due to the two bio-informatic tools 

targeting different flanking region sequences for alignment – often called either “Seed” 

or “Anchor” regions depending on the software [96]. It is also probable that the UAS 

algorithm uses an internal chastity filter which removes read sequences that do not 

meet a certain quality criteria, leading to the slightly lower depth of coverage described 

in this article. The size of the amplicon may additionally affect this, as sequencing errors 

are more likely to occur towards the end of a long read sequence. Ultimately, the 

difference in depth of coverage did not lead to any discordance between the two 

software tools, which returned the same results for the samples analysed, making the 

difference between the two inconsequential. In 2021, Hoogenboom et al. analysed a 

series of samples that had already been processed through UAS using their “STRNaming” 

algorithm [128]. Here, they explain the differences in reporting strategy and reporting 

range for the loci in the ForenSeq DNA Signature Prep kit, with a major objective of the 

authors’ research being in ensuring compatibility between results obtained using the 

different tools. To this end, STRNaming was specifically developed to be compatible with 

UAS.  

1.2.4. Implementation of massively parallel sequencing 

MPS is an appealing technology to overcome the limitations of CE and advance the field 

of forensic genomics, but there are challenges that need to be addressed before it can 

become part of routine analyses. In a survey conducted in 2017 by the DNASEQEX 

consortium, the major challenges to MPS implementation were outlined as follows 

[129]: 

- Lack of compatibility with existing national DNA database infrastructure 

- Lack of population data to support statistical calculations 

- Lack of consistent nomenclature and reporting standards 
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In addition to these scientific challenges, the cost of running MPS-based assays remains 

higher than that of CE, and therefore a barrier to implementation for certain 

laboratories. A recent review by Alonso et al. suggests that the way forward will be in 

large-scale collaboration projects, which will contribute towards solving the three 

scientific challenges listed above, and will in turn help to reduce the cost of certain 

aspects of the validation and implementation of these new technologies [130].   

1.2.4.1. Concordance with CE and compatibility with DNA Databases 

Before any new STR kit can be implemented into a forensic casework laboratory, its 

concordance with previous kits must be demonstrated [131, 132]. In order to ensure 

compatibility with existing databases, results obtained from any given sample typed 

using different technologies should be the same. Many kits target the same markers, 

but differing kit configurations can mean different primer sequences are used to amplify 

the same STR [112]. Where discordant results are found, due for example to primer 

binding site mutations, these can be listed on a database, or information provided to 

the manufacturer to enable a reconfiguration of the primer design. It is especially 

important to check the concordance of MPS with CE-based technologies, as the manner 

in which alleles are designated is so inherently different. Concordance studies for the 

ForenSeq DNA Signature Prep Kit have already been undertaken as part of a 

developmental validation study performed by Illumina [108] and as part of several 

external studies [73, 74, 89, 115, 117]. Results have shown a level of concordance 

exceeding 99% between this kit and CE-based STR multiplexes, although the diversity of 

samples used in these studies have been limited both in terms of numbers and 

population groups investigated. In particular, the initial research outputs from the 

development and validation of the kit suggest that all testing was performed mainly 

using samples from three global population groups: Caucasian, African American (which 

is mostly equivalent to the West African ancestral population) and East Asian. Online 

data from 2019 suggests that approximately 23% of the world population are of South 

Asian ancestry (India, Bangladesh and Pakistan) [133], yet this population was not 

accounted for during the initial testing of the ForenSeq DNA Signature Prep kit.  

1.2.4.2. Population databases 

Population databases are used for the statistical evaluation of DNA profiles and contain 

allelic frequencies for markers targeted. In order to make use of the variation observed 
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through the sequencing of STRs, new databases must be generated, containing allelic 

frequencies for sequence-based alleles rather than length-based ones alone. Although 

work has begun to characterise sequence variants for common STR loci [60, 62, 63, 74], 

there is a lack of population data necessary to the implementation of the technique. 

Novroski et al. [63] sequenced 777 unrelated individuals from four U.S. population 

groups (Caucasian, Hispanic, African American, and Chinese) and documented variation 

seen within both the repeat region and flanking region of the 58 ForenSeq STR loci. Fifty 

of the markers demonstrated an increase in allelic diversity when sequence-based 

alleles were compared to length-based alleles. Hussing et al. [134] sequenced 363 

Danish population samples and found allelic diversity increased in 34 of the STR markers 

when comparing sequence-based data to that obtained with CE. At 10 markers, more 

than double the number of sequence-based alleles were observed compared to length-

based alleles alone. Wendt et al. [96] sequenced 62 Native American samples and found 

significant variation in the flanking regions of 11 of the STRs targeted.  

1.2.4.3. Nomenclature challenges 

Nomenclature was first discussed in section 1.1.4, referring to the rules for designating 

STR alleles according to length and repeat type. The move to define alleles by their 

sequence rather than length brings with it a number of challenges which must be 

addressed before MPS can be implemented for routine forensic DNA testing. The 

annotation of each allelic sequence determined using MPS must now meet two criteria: 

First, it must be back-compatible with the (generally CE-generated) nomenclature used 

in national DNA databases (section 1.2.4.1) and secondly, it must encompass and 

identify all sequence level variation within the agreed range for any given marker. The 

latter is important given the need to account for relevant genetic variation, whilst also 

ensuring that searching can be accurately performed across different population 

databases (section 1.2.4.2).  

In terms of compatibility with current DNA databases, as stated by Gettings et al. in 

2015, “this concordance challenge is neither new nor insurmountable”[65]. Even 

between CE-based assays, discordances can arise between results obtained for the same 

sample run with two different kits, due to difference in primer design. As discussed early 

on in this chapter, primer binding site mutations can lead to inefficient or complete lack 

of amplification and may lead to different results for the same locus in the same sample, 
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targeted with different primer sets. Additionally, insertions or deletions in the flanking 

regions of STRs can lead to different length amplicons if they are captured by the primer 

set in one kit but not another. With MPS, bioinformatic pipelines for data analysis need 

to be configured to ensure back-compatibility with results generated with CE, i.e., the 

length of amplicon sequenced must be rendered for allele designation. 

A nomenclature that encompasses all possible sequence variants requires more 

thought. The DNA commission of the international society of forensic genetics (ISFG) set 

out an initial set of minimum criteria for standardisation of sequencing nomenclature at 

three hierarchical levels: The full sequence, the alignment of sequences relative to a 

reference sequence, and the annotation of alleles [135]. In 2016, the STR Sequence 

Working Group was formed, later formalised as the STRAND Working Group in 2018, 

with endorsement from the ISFG [136], with the aim of harmonising STR sequence 

nomenclature. In alignment with the considerations from the DNA commission, there 

are different types of naming formats, which fall into three broad categories: 

1. Short designator, where a minimal code is used. The main advantage of using 

short designators is ease of databasing and in casework when needing to refer 

to alleles in a brief format. Several methods for implementing short designators 

have been published, such as the sequence identifier (SID) method by Young et 

al. [137], or the longest uninterrupted stretch (LUS) representation [138]. Short 

designators could be used to search against a catalogue of sequences such as the 

STRSeq BioProject [139]. The major drawback of reducing a sequence to a short 

designator is the loss of nucleotide level information. 

2. Bracketed repeat, consists of condensing the repeat region of STRs into brackets, 

as is traditionally done for STR typing and examples of which can be seen in Table 

1.2. This is a familiar framework for DNA analysts and provides a full 

understanding of the repeat sequence structure of alleles without needing the 

full string. This format requires the designation of an agreed start and end point 

of the repeat region. Here, using the historical start and end points may ignore 

neighbouring repetitive elements which could count for an important level of 

variation at certain loci, but defining new ones would involve a certain level of 

discussion and consensus amongst users.  

3. Full string, as the name suggests, consists of providing the entire reported 
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sequence. This is by far the most comprehensive format as it “hides” nothing as 

such, but is ill-suited for reporting and may be incompatible for searching against 

certain types of databases such as CODIS which allows for a maximum number 

of characters to be searched.    

Although the “final” agreement on the best system, if there is to be one, had yet to be 

reached at the time of writing, there are a number of factors generally agreed upon as 

necessary for reaching a nomenclature consensus. The primary necessity is that of large 

scale, multi-population databases which can be used for the generation of frequencies 

(and subsequent implementation of MPS in casework as discussed earlier), but also to 

gain an understanding of the breadth of sequence variation expected across all 

commonly used STRs. It is likely that a minimal reported range will be defined for all loci, 

encapsulating both the repeat region and a certain amount of flanking region which can 

be obtained using commercially available solutions. For this, it is useful to understand 

which parts of the sequence are more likely to vary, and so a wealth of population data 

will help to ensure the establishment of a nomenclature system capable of coping with 

the observed variation. 
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Table 1.2: List of autosomal STR markers in the ForenSeq DNA Signature Prep Kit 
aSTR 
Locus 

Chromo 
some 

Strand Repeat 
type 

Locus type Most common repeat 
motif a 

Amplicon 
Length 

Range (bp) 
D1S1656 1 R Tetra Compound [TAGA]n [TGA]0-1 

[TAGA]n [TAGG]0-1 

[TG]5 

133–192 

TPOX 2 F Tetra Simple [AATG]n 61–109 

D2S441 2 F Tetra Compound
 b

 [TCTA]n; [TCTA]n 

[TNNN] [TCTA]n 

137–177 

D2S1338 2 R Tetra Compound [TGCC]n [TTCC]n 110–203 

D3S1358 3 F Tetra Compound [TCTA] [TCTG]n 

[TCTA]n 

138–194 

D4S2408 4 R Tetra Simple [ATCT]n 98–118 

FGA 4 R Tetra Compound [TTTC]3 [TTTT] [TTCT] 

[CTTT]n [CTCC] 

[TTCC]2 

150–312 

D5S818 5 F Tetra Simple [AGAT]n AGAG 98–162 

CSF1PO 5 F Tetra Simple [AGAT]n 72–120 

D6S1043 6 F Tetra Compound 
b
 [AGAT]n; [AGAT]n 

[ACAT]n [AGAT]n 

154–226 

D7S820 7 R Tetra Simple [GATA]n 118–183 

D8S1179 8 F Tetra Compound
 b

 [TCTA]n; [TCTA]n 

[TCTG]n [TCTA]n 

82–138 

D9S1122 9 R Tetra Compound
 c
 [TAGA]n; [TAGA] 

[TCGA] [TAGA]n 

104–132 

D10S1248 10 F Tetra Simple [GGAA]n 124–176 

TH01 11 R Tetra Simple [AATG]n 96–140 

vWA 12 F Tetra Compound [TCTA] [TCTG]n 

[TCTA]n TCCA TCTA 

135–195 

D12S391 12 F Tetra Compound [AGAT]n [AGAC]n 

[AGAT]n 

229–289 

D13S317 13 R Tetra Simple [TATC]n [AATC]2 138–186 

Penta E 15 R Penta Simple [AAAGA]n 362–481 

D16S539 16 F Tetra Simple [GATA]n 132–184 

D17S1301 17 F Tetra Simple [AGAT]n 130–154 

D18S51 18 F Tetra Simple [AGAA]n 136–272 

D19S433 19 R Tetra Compound [AAGG] AAAG [AAGG] 

TAGG [AAGG]n 

148–240 

D20S482 20 F Tetra Simple [AGAT]n 125–157 

D21S11 21 F Tetra Complex [TCTA]n [TCTG]n 

[TCTA]n TA [TCTA]n 

TCA [TCTA]n TCCATA 

[TCTA]n 

147–265 

Penta D 21 F Penta Simple [AAAGA]n 209–298 

D22S1045 22 R Tri Compound [ATT]n [ACT] [ATT]2 201-245 

a 
Nucleotides in bold are not counted towards the allele designation.

 

b 
Smaller alleles at D2S441, D6S1043, D8S1179 have simple repeat motifs, whereas larger alleles for 

these markers can be composed of a compound motif. 

c 
D9S1122 has two common repeat motifs, one simple, one compound.
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1.3. Ancestry estimation 

The ability to accurately determine the genetic ancestry of an individual is of high 

interest in multiple areas. In the field of genetic epidemiology, genetic variants 

associated with disease risk can be geographically restricted due to evolutionary forces 

such as mutations, genetic drift and natural selection [140, 141], with incidence of breast 

cancer and diabetes for example differing in prevalence and severity across different 

ancestral populations [142, 143]. There is also a risk of false positive association in case-

control association studies, where ancestry differences may accidentally be highlighted 

as disease vectors, for example where an allele is present at a higher rate in the case 

group than the control group because of unidentified population structure (or 

substructure) rather than being related to the disease [141, 144]. For these reasons, 

assessing the genetic background of potential research study individuals is crucial. 

Ancestry estimation has also been a hot topic in the field of personal genomics, with 

individuals submitting samples to companies such as 23andme and Ancestry.com to gain 

insight into their biogeographic ancestry. In the field of forensics, as stated early on, a 

DNA profile obtained from a sample is typically compared to a reference profile 

(belonging to a victim, suspect, or from an elimination sample), or searched against a 

database. If no matches are obtained, a traditional profile is considered to provide no 

information more than the sex of the person who contributed the DNA. Additional tools, 

in the context of investigative intelligence, have been developed for the inference of 

bio-geographical ancestry [145, 146] and externally visible characteristics [107, 147]. 

There are a number of reasons why ancestry inference can be important in the context 

of forensic genetics. Given that eyewitness testimony is notoriously unreliable even 

when available [3], techniques that would allow the estimation of what a person looks 

like can be hugely beneficial for criminal investigations. It can also be used in the context 

of missing persons or mass disaster victim identification, in order to achieve more 

complete identifications and also confirm donors’ self-declared ancestries in order to 

maintain the accuracy of population databases [148]. 

Markers used for the inference of bio-geographical ancestry are called ancestry 

informative markers (AIMs) and are generally SNPs [149], but other markers such as 

microhaplotypes [150, 151], nucleotide insertions or deletions [152] or STRs have also 

been used [152-155].  
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1.3.1. Ancestry informative SNPs 

Autosomal SNPs have traditionally been the AIM of choice due to their stability, density 

of distribution and range of allelic frequencies across global populations. Identifying 

candidate SNPs involves looking for the most pronounced allele frequency differences 

between populations. Phillips et al. identified a 34-ancestry informative SNP panel [146] 

useful at distinguishing three global populations (sub-Sahara African, European and East 

Asian) by selecting markers that met one of the following criteria: 

1) Loci with an allele detected in one or two populations but absent in the other(s). 

2) Loci with a common allele in one population that is rare in others. 

3) Tri-allelic SNPs. 

4) Loci where one allele is seen exclusively in one population group and the 

alternative allele is seen exclusively in the others. 

An example of a SNP included in the panel that corresponds to category 4 listed above 

is shown in Figure 1.9. “Fixed” difference markers have one allele seen exclusively in one 

population, with the alternative allele seen exclusively in the others. The SNP 

rs16891982 is found within the SLC45A2 gene and has been shown to be associated with 

skin de-pigmentation in Europe [156]. This is an example of gene variation that has been 

subjected to strong regional positive selection, leading to a locus that can be immensely 

useful for ancestry determination.  

A large number of SNP panels have been developed over the years, often designed to 

discern ancestry between specific populations [157, 158], or at the global level [146, 

159, 160]. In 2013, the genetics department at Yale university published a highly 

discriminative 41-SNP panel that aimed to meet two forensically relevant criteria: firstly, 

the ability to distinguish ancestral origin at the continental level and secondly, an assay 

that reduced both the cost and quantity of DNA required to obtain useable results.  

These SNPs have been leveraged by a large number of laboratories in the forensic 

community, as well as by commercial companies. The 56 SNPs targeted by primer mix B 

in the ForenSeq DNA Signature Prep kit were selected from the since extended Yale 

university SNP panel, sometimes referred to simply as the “Kidd SNPs” [105], and have 

been demonstrated to accurately estimate ancestry of individuals from European and 

East Asian origin [116]. In the past, SNP-AIMs for these purposes would have been 
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detected using Sanger sequencing or the SNaPshot primer extension assay [107, 161], 

but the advent of MPS has made the process considerably easier by allowing a greater 

number and type of markers to be sequenced simultaneously. 
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Figure 1.9: Allelic frequency distribution for rs16891982  

Top: Allelic frequency distribution in the three populations studied by Phillips et al. 

Bottom: Allelic frequencies (in bold) and likelihood of genotypes. Created using 

supplementary data from Phillips et al.[146] . 

1.3.2. Consumer DNA testing and array genotoyping 

Outside of the field of forensics, companies such as Ancestry.com, 23andme and even 

National Geographic offer commercial ancestry testing, promising consumers to 

connect to long-lost relatives and/or predict what parts of the world their ancestors 

came from. Users send in saliva samples, and can expect results within 6-8 weeks. Most 

of the technical testing details are proprietary to these companies, with 23andme for 

example giving no details about how many markers they target. Ancestry.com state that 

they target 700,000 locations using micro-array based genotyping of autosomal DNA 

[162]. SNP micro-arrays rely on the hybridisation of fragmented, single stranded DNA to 

slides containing hundreds of thousands of unique DNA probes. Each probe is designed 

to bind to a target sequence, which for this application are usually ancestry-informative 

SNPs. Priced at approximately £99 depending on the tests requested, this method offers 

a relatively cheap option for ancestry analysis. The lack of transparency in terms of 

testing methodology, prediction algorithms and accuracy especially make this type of 
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testing entirely inadequate for forensic applications. With regards to accuracy, 

Ancestry.com state in their frequenctly asked questions that: “During the testing 

process, each DNA sample is held to a quality standard of at least a 98% call rate” which 

in itself gives no information as to the accuracy of genotyping or ancestry prediction. In 

fact, there are several instances where individuals or groups have submitted the same 

sample multiple times and under different names – and obtained different results from 

the same company [163-165].  

Array SNP genotyping offers a relatively low cost option for wide-scale SNP typing and 

ancestry estimation which could theoretically be adopted by forensic laboratories, 

outside of consumer testing companies. One reason why it isn’t appropriate for forensic 

casework situations is the sample quantity requirements, with the aforementioned 

companies requiring “approximately a teaspoon” amount of saliva, stored in specific 

conditions and collected in a sterile tube. Prior to the implementation of massively 

parallel sequencing, research had been carried out to see whether array-based methods 

could be applied to forensics, but it was found to require too much input DNA. Krjutško 

et al. showed that 50 ng of input DNA was required for accurate analysis of 46 autosomal 

SNPs [166], compared to the 0.5 ng used to analyse 52 SNPs for human identity using 

the SNaPshot method and CE around the same time [50]. 

1.3.3. STRs for ancestry estimation 

Traditionally, microsatellite markers such as autosomal and Y chromosome STRs have 

not been considered to any serious extent in the field of ancestry estimation due to the 

limited contrast in allelic frequencies between populations. Core STR loci were primarily 

selected for their highly polymorphic qualities, enabling the discrimination of unrelated 

individuals. Prior to the application of MPS technologies to forensics, there was already 

a significant push to improve the discrimination power of these STRs. The analysis of STR 

genotypes to infer genetic ancestry has been studied in the context of length-based 

allelic variation by a number of groups, but results have invariably highlighted limitations 

and inferior capabilities compared to SNP multiplexes designed for this reason. There 

are generally two broad approaches for consideration; either the adoption of specific 

STRs with strong population differentiation [152, 153] or looking at traditional markers 

for the ability to distinguish populations [154, 155].  
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Rosenberg et al. [167] used 377 STRs to successfully differentiate the major global 

population groups, but an assay of this size would be inappropriate in the context of a 

forensic scenario, where there is often insufficient DNA to target this many markers. 

Phillips et al. [168] used frequency data from this 377 marker dataset to identify 

tetranucleotide makers with the highest level of population informativeness. They 

generated a 12-plex of AIM-STRs that could be used as a stand-alone test or combined 

with identity informative STRs or even an AIM-SNP panel. Moriot et al. [152] genotyped 

the CEPH Human Genome Diversity panel (CEPH-HGDP) for 23 deletion-insertion 

polymorphism (DIP)-STR markers, which combine an insertion/deletion and a closely 

linked STR, selected from a set developed for improved mixture deconvolution. The 

rationale behind this marker choice lay in the fact that they are not only forensically 

relevant, but the combination of fast and slow- mutating markers would be beneficial 

for both individual and global population differentiation. Preliminary results from this 

study were promising, and clustering was considerably better when combining the data 

than looking at each type of variation individually (STR or DIP), however this set requires 

more markers in order to efficiently distinguish Eurasian populations.  

Whilst these panels can be powerful tools when combined with standard STR typing, the 

fact remains that core forensic STRs are always typed first and foremost in routine 

profiling. If data from these STRs could be used effectively to distinguish global 

populations, this would be a huge advantage to the field of investigative intelligence. In 

2001, Lowe et al. [169] suggested an approach for inferring ethnic origin using the 6 STR 

loci utilised by the UK Forensic Science Service at the time. They gathered allelic 

frequencies from the National DNA Database for five UK populations (Caucasian, Afro-

Carribean, Indian sub-continent, Southeast Asian and Middle Eastern) to estimate the 

population proportion of a given profile to any of these populations. This method was 

applied to a case involving the rape of a woman where DNA recovered could either have 

been from a consensual encounter with a Caucasian partner, or assault by an Afro-

Carribbean man as described by the victim. The method developed by Lowe et al. 

returned a result suggesting that the profile obtained was 28 times more likely to have 

originated from a Caucasian individual than an Afro-Carribean individual. Whilst 

promising from a research perspective, the authors emphasise the limitation of this 

work and the need for a larger number of more informative loci. Londin et al. [140] 

highlighted the need for small panels for accurate ancestral determination when 
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studying diseases in populations, and initially looked at genotyping samples using the 

Identifiler and Coriell Identity mapping kits, which combined target 19 STRs. They 

established that these markers were not sufficient in number or ancestry 

informativeness for accurate ancestry determination and went on to develop a panel of 

specific AIM STRs as the groups above have.  

During their investigation into global variability of the 15 established and 5 new 

European Standard Set (ESS) STRs, Phillips et al. concluded that the CEPH populations of 

Europe, Middle East and South Asia did not show sufficiently differentiated allele 

variation using these core STRs [170]. Using the program STRUCTURE [171], they did 

however show clear differentiation between the African, European and American 

populations in the CEPH group.  When combining data from the 20 STR set with 34 AIM-

SNPs, they were even able to differentiate the Oceanian population, which they were 

not able to previously do using AIM-SNPs alone.  

Algee-Hewitt et al. conducted ancestry estimation using core STR sets, and found that a 

reduced number of markers limits the resolution of ancestry inference [155]. The same 

group later assessed the utility of these markers for ancestry estimation from post-

mortem blood cards [172]. Using a single cluster approach to ancestry inference, 17 of 

the 20 samples tested classified into an ancestry group corresponding to their self-

reported ancestry. These findings are limited and show the lack of accuracy obtained 

when looking at length-based allelic data from just 13 core STR loci. In 2010, Pereira et 

al. [173] published a new online calculator, designed to assign samples to one of three 

main population groups; Eurasian, East Asian or sub-Saharan African based on length-

based data from 17 autosomal STR loci. They tested this tool on 48 samples from the 

three ancestral groups, and obtained 86% accuracy for individual population affiliation.  

The results from the publications discussed hereabove seem to highlight two key points 

when it comes to using STR data for population affiliation: 

1) Length-based data from core STR loci data can be used to roughly distinguish 

between ancestrally different populations such as Europe, East Asia and West 

Africa. 

2) A higher number of STRs, or specifically chosen AIMs, are necessary for more 

accurate and reproducible population differentiation from autosomal STRs.  
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As discussed earlier, MPS offers increased discrimination of STRs through access to 

sequence level information, as well as a higher multiplexing capability. The large number 

of alleles for forensic STR markers is an indication of their instability over population 

divergence time, whereas SNPs in the flanking regions are likely to be more stable and 

therefore offer better ancestry resolution [152].  

1.4. Thesis aims  

Massively Parallel Sequencing offers a number of benefits to the forensic community 

including increased sensitivity, power of discrimination and multiplexing. It is not 

however, simply a matter of replacing the currently established technology. World-

wide, DNA databases have been established using data generated by CE, and so any new 

technology must provide comparable data. This research first aims to assess the 

suitability of the MiSeq FGx Forensic Genomics System by verifying back-compatibility 

of results for searching against currently available databases. This is of particular 

importance for groups such as the South Asian population, which is a significantly 

represented group both in the UK and world-wide, yet no samples from this part of the 

world were tested as part of the original development or validation of the ForenSeq DNA 

Signature Prep kit or MiSeq FGx sequencing platform. Results discussed in the following 

chapters were generated by preparing and sequencing over one thousand samples using 

the ForenSeq DNA Signature Prep Kit and MiSeq FGx. The concordance of this 

technology with well characterised commercial STR-CE kits will provide insights into its 

applicability and ease of implementation in routine forensic DNA testing.  

Characterising sequence variation and the nomenclature of STR alleles will form an 

important part of the dialogue throughout this thesis, starting with the traditional 

repeat region of these markers, which is no longer quite so traditional once we delve 

into the data at the nucleotide level. The increased granularity of analysis and 

considerations from other laboratories means it is important to also consider flanking 

region variation, and so part way through the project, this work shifted from 

characterising sequence variation simply within the traditionally defined repeat region 

of STR markers to looking outside of them as well. In order to make use of all this newly 

characterised sequence variation, a database of sequence-based allelic frequencies will 

be generated for the 5 UK relevant population groups. These population databases will 
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enable laboratories to implement MPS for forensic DNA typing, as the frequencies will 

allow statistical evaluations to be made from sequence-based data. 

The added value of providing investigative leads such as bio-geographic ancestry 

estimation is already a major, well document advantage of using MPS, although it mostly 

relies on the targeting of specific ancestry informative SNP marker typed as a standalone 

panel or in tandem with STRs. The final part of this thesis will look to address the 

possibility of using traditional autosomal STR markers for ancestry inference, based on 

sequencing data. Results will be compared to those obtained using ancestry informative 

SNPs. 
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2. MATERIALS AND METHODS 

2.1. Samples 

Samples from five well defined, UK relevant population groups were selected to 

evaluate the concordance of massively parallel sequencing (MPS) with capillary 

electrophoresis (CE) for commonly amplified autosomal STRs. The most recent 

guidelines for the publication of genetic data and for submission to online population 

STR databases require data from a minimum of 500 samples per population group for 

CE-generated data, but from just 50 samples per population group for MPS-generated 

data [174, 175]. Internally, the decision was made to analyse approximately 200 samples 

per population in order to generate an allelic frequency database, and to try to capture 

the breadth of sequence-level variation for the 27 autosomal STRs in the ForenSeq DNA 

Signature Prep kit.  

Buccal swab samples from at least 200 unrelated individuals from multiple population 

groups had already been extracted and analysed using multiple commercial CE-STR kits 

as part of a large-scale concordance study performed by Gabriella Mason-Buck (King’s 

College London), and these formed the pool from which samples were selected for MPS 

analysis. Sections 2.1.2 and 2.1.3 provide brief details of the work that was done prior 

to the commencement of this PhD project in order to obtain extracted DNA ahead of 

library preparation as well as CE genotypes. 

2.1.1. Sample selection 

A minimum of 200 samples from each of the following population groups were selected: 

White British, British Chinese, North East African, South Asian and West African, from 

individuals who are resident in the United Kingdom. For the latter three populations, the 

predominant ancestries were India, Bangladesh and Pakistan (South Asian population 

group); Nigeria, Ghana and Caribbean-Jamaica (West African population group); Somalia 

and Ethiopia (North East African population group). Later, a smaller sample set of Middle 

Eastern ancestry (n=110) were also selected. Ancestry information for each individual 

was self-declared at the time of sample collection. Individuals gave informed consent 

for their DNA to be used for research purposes and ethical approval for this work was 

granted by the King’s College London research ethics subcommittee (HR-16/17-2594).   
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2.1.2. DNA extraction 

Before DNA can be analysed, it must first be extracted from a biological matrix (for 

example blood, saliva, or semen). DNA was extracted from the buccal swabs using one 

of two methods. Most samples were extracted using the Chelex method, which consists 

of cutting approximately three-millimetre lengths from each swab (Isohelix, Cell Projects 

Ltd, Kent, UK), and incubating them in 1 mL of de-ionised water at room temperature 

for 30 minutes. Samples were then centrifuged for 5 minutes at 15,600 g to pellet 

cellular material. 180 μL of 5 % Chelex® (Sigma-Aldrich, St Louis, MO, USA) solution was 

added to each sample, according to standard protocols for buccal swab reference 

profiles [176]. The samples were then subjected to a 20-minute step at 56 °C on a 

shaking incubator followed by an 8-minute step at 100 °C. A minority of samples were 

extracted using an alternative method, with the EZ1® DNA Investigator® Kit (Qiagen, 

Hilden, Germany) on the BioRobot EZ1 (Qiagen), using the pre-programmed DNA 

Investigator protocol card. 

2.1.3. Capillary electrophoresis testing 

CE data for the samples were obtained for the STR markers contained within the 

GlobalFiler® Express (Applied Biosystems, Foster City, USA) and PowerPlex® 16 HS 

(Promega, Madison, USA) kits as per manufacturer’s guidelines [31, 177]. Input DNA of 

approximately 1 ng was used for amplification, and injection was performed at 1.2 kV 

for 23 seconds on the AB Prism 3130xl Genetic Analyzer (Applied Biosystems) for 

separation and detection of autosomal STR loci. A detection threshold of 50 relative 

fluorescence units (RFU) was imposed during data analysis using GeneMapper®IDX v1.4 

software (Applied Biosystems).  

2.2. Library preparation and massively parallel sequencing 

Prior to sequencing with MPS, DNA samples must be prepared in a way that ensures 

that the target sequences have the necessary adapters and indices. This process is called 

library preparation, and the protocol used throughout this work was that of the 

ForenSeq™ DNA Signature Prep Kit, although some samples were analysed in a different 

manner when discrepancies were observed. 
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2.2.1. ForenSeq DNA Signature Prep Kit 

The ForenSeq DNA Signature Prep Kit (Verogen, San Diego, USA) was used to prepare 

samples for sequencing [100]. An initial PCR was set up to amplify and tag regions of 

interest (STRs and SNPs) with an input volume of 5 μL for all samples apart from those 

extracted with the Qiagen DNA Investigator Kit, where 2 μL of sample and 3 μL of 

nuclease free water was added to the initial amplification step. Sample extracts were 

not quantified, but Chelex extracted samples are known within the lab to have an 

average quantification of 1 ng/ μL, and preliminary experiments showed that using 5 μL 

of extract gave good results. Similarly, the samples extracted using the Qiagen method 

generally have considerably higher quantification values than those extracted using 

Chelex, and initial results led to the decision to use 2 μL. Verogen recommends an input 

amount of 1 ng, with the risk of dropout if using less DNA [100]. Although adding more 

than 1 ng is not recommended, the normalisation step in the protocol ensures that 

excess DNA is removed prior to sequencing, leading to a negligible negative overall 

impact on results. In addition to the 5 μL of sample, each reaction contained 4.7 μL of a 

PCR reaction mix containing dNTPs, buffer, and other reagents necessary for the PCR 

process, 0.3 μL of enzyme mix, and 5 μL of primer mix. The final volume per reaction 

was of 15 μL. All samples were initially analysed using DNA Primer Mix A, which contains 

primers for the amplifications of 27 autosomal STRs, 7 X-STRs, 24 Y-STRs and 94 identity 

informative SNPs (listed in Table 2.2). A positive amplification control (2800M) and 

negative amplification control were run alongside the samples for each run. Samples 

were prepared in batches of 96 (including the two controls) using 96-well semi skirted 

PCR plates, as per manufacturer’s guidelines when using Primer Mix A. 

The next step of library preparation consists of a second PCR to ligate adapters and 

indices to the amplicons from PCR1. For each sample, 4 μL of each type of index adapter 

(i5 and i7) were added, in addition to 27 μL of PCR2 reaction mix, leading to a total 

volume of 50 μL per reaction. The ForenSeq DNA Signature Prep Kit contains eight 

different i5 index adapter tubes and twelve i7 index adapter tubes. Given that each i5 

can be combined with one i7, there is a total of 96 possible unique combinations of 

indices. This means that a maximum of 96 reactions can be pooled at the end of the 

library preparation, and data isolated and allocated to their respective samples through 

bio-informatic sorting in downstream data analysis. For both PCR steps, a Veriti 96-well 
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thermal cycler (Thermofisher, Waltham, USA) was used, and the cycling conditions are 

given in Table 2.1.  

Table 2.1: Cycling conditions for PCR1 and PCR2 

PCR1   8 cycles of: 10 cycles of:     
98°C 96°C 80°C 54°C 68°C 96°C 68°C 68°C 10°C 
3 min 45 sec 30 sec 2 min* 2 min* 30 sec 3 min* 10 min Hold 

  *Specified ramp rate of 4% 
PCR2   8 cycles of:           

98°C 98°C 66°C 68°C 68°C 10°C 
   

30 sec 20 sec 30 sec 10 min 10 min Hold       

 

Following successful target amplification, tagging and addition of indices and adapters, 

the samples are referred to as libraries. The libraries were purified by incubating 45 μL 

of PCR product with 45 μL of magnetic purification beads. DNA binds to these magnetic 

beads, and by using a magnetic plate, unwanted reagents (unincorporated dNTPs, 

excess primers etc) were washed off in a two-step process using 80% ethanol. Purified 

libraries were subsequently eluted using 50 μL of elution buffer. Following purification, 

libraries were normalised to ensure equal representation of samples in the final pool, 

using a bead-based process which relies on saturation of beads and washing off of 

excess DNA. 20 μL of purified product was added to 45 μL of a master mix containing 

normalisation beads and library normalisation additives. Once the DNA bound to the 

beads, it was washed twice using a wash buffer and finally eluted off the beads using 

0.1M NaOH, which also ensures that the libraries are single stranded. As with the 

previous steps, all reagents are provided with the ForenSeq DNA Signature Prep kit, and 

the steps followed are that of the Verogen protocol [100]. Finally, 5 μL of each library 

are added to a single tube.  

The manufacturer protocol recommends combining 7 μL of these pooled libraries with 

591 μL of hybridisation buffer [100], but following low cluster density being obtained for 

the first few runs, these volumes were adjusted to 12 μL of pooled libraries and 586 μL 

of hybridisation buffer. In addition, 2 μL of denatured Human Sequencing Control 

(Verogen) was added to the same tube to provide a control for the sequencing, 

independent of library preparation. This 600 μL reaction was subjected to a 2 minute 

incubation at 96°C to ensure all DNA strands are single stranded, and a 5 minute snap 

cool immediately prior to being loaded onto a sequencing cartridge for sequencing as 

described in section 2.2.2 [100, 114].  
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The entire process for library preparation was performed 15 times, including some re-

runs to account for poor performing samples, to ensure results for at least 200 samples 

from each of the main five populations studied were obtained.  

2.2.1.1. Primer mix B SNPs 

In order to acquire ancestry-informative SNP genotypes for a subset of the samples, 47 

samples from each group taken forward for concordance and frequency generation 

were selected from the samples described in 2.1.1. These were analysed using a custom 

primer mix provided by Verogen, containing only the primers for the 22 phenotype and 

56 ancestry- informative SNPs usually found in primer mix B (Table 2.2). Library 

preparation was performed in batches of 96 reactions (including a positive and negative 

amplification control) and sequenced in three runs.  
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Table 2.2: List of all markers amplified using the ForenSeq DNA Signature Prep Kit 

DNA Primer Mix B 
DNA Primer Mix A Custom Mix 

aSTRs X STRs iSNPs pSNPs aSNPs 
D1S1656 DXS10074 rs826472 rs28777 rs2238151 

TPOX DXS10103 rs964681 rs12203592 rs671 
D2S441 DXS10135 rs10488710 rs4959270 rs1572018 

D2S1338 DXS7132 rs1498553 rs683 rs2166624 
D3S1358 DXS7423 rs2076848 rs1042602 rs7326934 
D4S2408 DXS8378 rs901398 rs1393350 rs7997709 

FGA HPRTB rs10773760 rs12821256 rs9522149 
D5S818 rs10495407 rs2107612 rs12896399 rs200354 
CSF1PO rs1294331 rs2111980 rs2402130 rs12439433 

D6S1043 rs1413212 rs2269355 rs1800407 rs1426654 
D7S820** rs1490413 rs2920816 N29insA rs1800414 
D8S1179 rs560681 rs1058083 rs1110400 rs735480 
D9S1122 rs891700 rs1335873 rs11547464 rs12913832* 

D10S1248 rs1109037 rs1886510 rs1805005 rs459920 
TH01 rs12997453 rs354439 rs1805006 rs11652805 
vWA rs876724 rs1454361 rs1805007 rs17642714 

D12S391 rs907100 rs4530059 rs1805008 rs2593595 
D13S317 rs993934 rs722290 rs1805009 rs4411548 
PentaE rs1355366 rs873196 rs201326893 rs4471745 

D16S539 rs1357617 rs1528460 rs2228479 rs2042762 
D17S1301 rs2399332 rs1821380 rs885479 rs3916235 

D18S51 rs4364205 rs8037429 rs2378249 rs4891825 
D19S433 rs6444724 rs1382387 rs2814778 rs7226659 
D20S482 rs1979255 rs2342747 rs3737576 rs7251928 
D21S11 rs2046361 rs430046 rs7554936 rs310644 
PentaD rs279844 rs729172 rs10497191 rs2024566 

D22S1045 rs6811238 rs740910 rs1834619   
Y STRs rs13182883 rs8078417 rs1876482 *SNPs used 

for both 
phenotype 
and ancestry 
prediction  

DYF387S1 rs159606 rs938283 rs260690 
DYS19 rs251934 rs9905977 rs3827760 

DYS385a-b rs338882 rs1024116 rs6754311 
DYS389I rs717302 rs1493232 rs798443 
DYS389II rs13218440 rs1736442 rs12498138   
DYS390 rs1336071 rs9951171 rs1919550   
DYS391 rs214955 rs576261 rs1229984   

DYS392* rs727811 rs719366 rs3811801   
DYS437 rs321198 rs1005533 rs4833103   
DYS438 rs6955448 rs1031825 rs7657799   
DYS439 rs737681 rs1523537 rs7722456   
DYS448 rs917118 rs445251 rs870347   
DYS460 rs10092491 rs221956 rs16891982*   
DYS481 rs2056277 rs2830795 rs192655   
DYS505 rs4606077 rs2831700 rs3823159   
DYS522 rs763869 rs722098 rs917115   
DYS533 rs1015250 rs914165 rs1462906   
DYS549 rs10776839 rs1028528 rs1871534   
DYS570 rs1360288 rs2040411 rs2196051   
DYS576 rs1463729 rs733164 rs6990312   
DYS612 rs7041158 rs987640 rs3814134   
DYS635 rs3780962   rs4918664   
DYS643 rs735155   rs1079597   

Y-GATA-H4 rs740598   rs174570   
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2.2.2. MiSeq FGx sequencing 

The entire volume (600 μL) of pooled, diluted and denatured libraries for each run were 

loaded into the appropriate well of a single use, defrosted, MiSeq FGx cartridge, which 

was then inserted into the chiller compartment of the MiSeq FGx instrument. Each 

sequencing cartridge comes with a single use flowcell and sequencing buffer bottle, both 

of which were also loaded on the MiSeq FGx prior to each run (Figure 2.1). Prior to 

loading, the flowcell was cleaned using de-ionised water and lint-free paper wipes. 

 

Figure 2.1: MiSeq FGx Reagent kit components – needed for MiSeq FGx sequencing 

From left to right: flowcell, cartridge and buffer bottle. 
A sample sheet containing the sample names and associated index combinations was 

created for each run using Microsoft Excel, saved as comma delimited format (.csv) and 

uploaded to the Universal Analysis Software (UAS) according to the layout described in 

the software protocol [122]. During run set up on the MiSeq FGx, the relevant sample 

sheet was selected after choosing to use the instrument in “Forensic Genomics” mode. 

The machine performs a series of automated checks such as ensuring that there is 

sufficient disk space and that all compartment doors are closed, before allowing the user 

to press start on the sequencing run. All ForenSeq DNA Signature Prep runs for the initial 

part of this project were performed using MiSeq FGx Reagent sequencing kits (Verogen), 

with a run time of approximately 28 hours. The runs for SNP analysis were performed 

using MiSeq FGx Reagent Micro sequencing kits (Verogen), with a run time of 

approximately 22 hours [178]. The chemistry of the two kits is identical, with the micro 

kit sequencing up to 5 million paired reads compared to the 12.5 million paired reads of 
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the standard sequencing kits [178]. Given the reduced number of loci targeted by the 

custom panel, the micro kits were deemed to have sufficient output for the SNP runs, 

which was confirmed following analysis of the first of these runs. Once a run has 

completed, data is extracted from image files stored on the MiSeq FGx and transferred 

automatically to the UAS server for demultiplexing and secondary analysis. 

2.2.3. Additional sequencing 

To investigate the cause of null or imbalanced alleles at D5S818, D10S1248, D21S11 and 

Penta D, new primers were designed outside the range of the ForenSeq DNA Signature 

Prep kit amplicons. The full amplicon sequences for the ForenSeq alleles were obtained 

by manually aligning raw data as described further (2.3.1.3), and although the primer 

sequences are proprietary, the 5’ end of both primers can be identified given they mark 

the end of the amplicons. The 3’ ends of the primers fall within the amplicon and are 

unknown but estimated to fall within 20-25 bp inside the sequence. Custom primers 

were designed by copying the ForenSeq total amplicon sequence and specifying it as the 

minimum area to be amplified using the Primer3 software [179]. Default conditions 

were applied: optimum primer size of 20 bp; optimum primer melting temperature (Tm) 

of 60°C; and 40-60% target GC content. Primer sequences are shown in Table 2.3. Each 

PCR reaction was set up by combining 0.6 µL of diluted forward and reverse primers (5 

mM) with 5 µL of QIAGEN Multiplex PCR Mix (QIAGEN, Hilden, Germany) 3.4 µL of 

nuclease free H20 and 1 µL of template DNA (at 1 ng/ µL), leading to a final primer 

concentration of 0.3 µM. Cycling conditions used consisted of 95°C for 15 minutes 

followed by 30 cycles of 95°C for 15 seconds/ 60°C for 15 seconds/ 70°C for 30 seconds. 

PCR products were prepared for sequencing using the KAPA Hyper Prep Kit for Illumina 

Platforms (Roche, Basel, Switzerland) according to manufacturer’s guidelines, using 

TruSeq indexes (Illumina, San Diego, USA), and sequenced on the MiSeq FGx in RUO 

mode, using a MiSeq v2 300 cycle (Illumina) cartridge. 

Table 2.3: Primers used for additional sequencing 
 

Forward primer Reverse primer 
D21S11 ACTGCCAGCTTCCCTGATTC  AGCCATAAACACTGAGAAGGGA  

D5S818 TCCCATCTGGATAGTGGACCT  GCTTCTAATTAAAGTGGTGTCCCA  

D10S1248 GTAAAAAGCAAACCTGAGCATTAG  GGTGGGATACAGAGGTTTTAGCA  

Penta D GAAGGTCGAAGCTGAAGTG  TTGGGTTGTCTTATTGATGTG  
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2.3. Data Analysis 

Data analysis was performed sequentially and falls under four broad methods: 

concordance of sequenced STR genotypes with CE, sequence variant characterisation, 

SNP genotyping, and ancestry estimation. The methods used for each step of the data 

analysis process are listed and described in the following sections. 

2.3.1. Concordance testing of autosomal STRs 

2.3.1.1. Universal Analysis Software 

Preliminary data analysis was performed using the ForenSeq™ Universal Analysis 

Software (UAS, Verogen) [122]. This software comes pre-installed on the server which 

accompanies the MiSeq FGx instrument, and contains a module tailored for the 

visualisation of STR and SNPS data generated using the ForenSeq DNA Signature Prep 

Kit and MiSeq FGx. The software calls alleles based on read counts, and makes use of an 

analytical and interpretation threshold, which are determined as a percentage of the 

total number of reads per locus. The thresholds used were 1.5% and 4.5% for the 

analytical and interpretation thresholds, respectively, taken from the developmental 

validation of the software [108]. The software also contains lower limits for both 

thresholds of 11 and 30 reads. For the purpose of this study, and as samples were all 

known to be single source with confirmed CE genotypes, autosomal STR alleles below 

the interpretation threshold and above the analytical threshold were manually called in 

the software and used for downstream concordance assessment and allele frequency 

calculations. Figure 2.2 shows an example of where an allele in a heterozygous profile 

at D1S1656 was manually called in between the two thresholds. Once all genotypes 

were manually verified in UAS, sample summary reports were exported in Microsoft 

Office Excel format. 
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Figure 2.2: Example of locus genotypes in UAS 

At D9S1122 (top), two alleles in a heterozygous profile were automatically called by UAS 

as they are both above the interpretation threshold (blue bars), with stutter sequences 

falling below the interpretation threshold and stutter filter (brown). At D1S1656, one 

allele in a heterozygous profile was above the analytical threshold but below the 

interpretation threshold (bottom left, in pink) and so was manually called (bottom right, 

in blue).   

Following initial analysis in UAS, some sample results were deemed to be too poor to 

take forward. If a sample showed drop out at two or more loci used for concordance 

testing, it was re-extracted using the EZ1 DNA Investigator Kit and re-run. If the sample 

still showed multiple dropouts, it was removed from any further analysis. Results from 

1018 samples were taken forward for concordance testing, with at least 200 from each 

of the following groups: White British (n=207), British Chinese (n=200), North East 

African (n=209), South Asian (n=200) and West African (n=202). 
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2.3.1.2. Allele comparison and concordance testing 

Length-based allele calls from UAS for 22 autosomal loci and amelogenin were 

compared to CE results using in-house Microsoft Office Excel workbooks, and any 

discordant results recorded and further investigated. Discordance was defined as any 

instance where an allele observed using one technique was not observed with the other. 

Rarely, one allele in a known heterozygote profile was seen below the interpretation 

threshold in UAS while the other was not seen; this was considered allelic drop out 

rather than discordancy. In a casework scenario, the absence of one allele would not 

indicate discordancy in these instances given the fact that the other allele was present 

below the interpretation threshold. Given that the primary aim of this part of the project 

was to check concordance rather than performance of the kit, the genotypes with drop 

out were not considered moving forward for this purpose as they were not useful for 

assessing concordance. Instances of allelic drop out were primarily associated with 

poorer quality samples, however they were investigated further to determine whether 

there was a systematic issue that would affect the generation of accurate allelic 

frequencies – for example if longer alleles specifically were dropping out (see section 

2.3.2.7).  

Concordance was not assessed for the following loci: D4S2408, D6S1043, D9S1122, 

D17S1301, and D20S482, given they are not present in either of the CE STR kits used. 

Although D4S2408 is not one of the markers traditionally found in CE STR kits, a triple 

genotype in one North East African sample was verified using published primers [180] 

and amplified using the method for PCR described in section 2.2.3. Following 

amplification with FAM labelled primers, 1 μL of amplification product was combined 

with 10 μL of Hi-Di Formamide (Thermofisher) and 0.4 μL of ROX500 internal size 

standard (Thermofisher) and then analysed and visualised using the method for CE 

described in section 2.1.3. 

D22S1045 is known to have poor heterozygous balance in the ForenSeq DNA Signature 

Prep Kit [100, 181], and drop out was frequently observed at this locus. Because of this, 

concordance was not assessed for this locus, and sequence-based allelic frequencies 

were not calculated, although observed sequence variants were still characterised as 

described in section 2.3.2. At Penta E, three instances of drop out occurred where the 

called allele was seen between 31 and 41 reads – manual realignment of the data as 
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described in section 2.3.1.3 below revealed the secondary allele to be present below the 

11 read analytical threshold and therefore these instances were not considered 

discordant from the CE genotypes. In all three cases, the alleles differed in size by at 

least 6 repeats (30 base pairs). 

2.3.1.3. Additional sequencing analysis 

For samples sequenced using the method described in section 2.2.3, data was analysed 

by exporting FASTQ files from the MiSeq FGx. These were aligned to a bespoke reference 

genome containing the flanking region of the STR sequences of interest using the mem 

algorithm within Burrow Wheeler Aligner (BWA) [182], and visualised using the 

Integrative Genomics Viewer (IGV) [183]. The same method was also used for some 

samples sequenced using the ForenSeq DNA Signature Prep Kit, when trying to visualise 

alleles below the 11 read cut off, by exporting FASTQ files from the UAS server. 

2.3.2. Sequence characterisation and verification 

2.3.2.1. UAS sample summary reports 

Once genotypes were verified through comparison to CE results, allelic sequences for all 

samples were extracted from the same UAS reports in order to beginning characterising 

sequence variation within the repeat region of STRs. When exporting data from UAS, 

one option is to export sample summary reports, which contain the size-based allelic 

designation for the genotypes, as well as the repeat region sequence, for all alleles 

considered “typed” by the software (either automatically according to internal analysis 

thresholds, or manually after review). Sample summary reports were already 

downloaded and collated for concordance analysis, after which the sequences were 

extracted for alleles at all loci in all samples and collated using Excel workbooks.  

2.3.2.2. Repeat region sequence characterisation and allele naming 

In order to facilitate data visualisation, sequences were broken down according to 

repeat type and traditional allele designation in STRBase [17]. This was done using a 

VLOOKUP function in Excel and a compiled list of alleles observed in the growing 

database. When the sequence was unseen, it was added to the database. Given the lack 

of sequence-based naming nomenclature at the time this work was performed, each 

variant/allele was also assigned a short designator. This internal system is based on an 

initial number to designate the alleles by CE fragment length, followed by additional 
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numbers to denote intra-sequence variation. For example, the following sequence at 

D12S391: 

AGATAGATAGATAGATAGATAGATAGATAGATAGACAGACAGACAGACAGACAGACAGACAGAT 

This sequence would be broken down into a bracket format: [AGAT]8 [AGAC]7 AGAT and 

given the internal allele name of “1601” because it is the first observed sequence version 

of an allele 16. The next version has the following bracket format: [AGAT]9 [AGAC]6 

AGAT and is called “1602”. This system isn’t appropriate for large scale databasing, and 

it is expected that once a naming system has been agreed, it will be a simple exercise of 

replacing the internal names by those implemented by the forensic community [17]. 

2.3.2.3. STRaitRazor 2.0 

In order to investigate sequence variation in the flanking regions of autosomal STRs, 

FASTQ files were extracted for all samples, and an analysis pipeline using a modified 

version of STRait Razor 2.0 (STR Allele Identification Tool - Razor) [127] was used for 

evaluation. This Perl-based bioinformatic software package can be used for variant 

analysis of raw STR-MPS data. Alleles are detected by matching areas in the forward and 

reverse flanking regions of STRs, using specific, known anchor sequences. The software 

allows for user-defined stringency parameters, and calls alleles by comparing the length 

for the repeat region with known allele lengths to ensure back-compatibility with CE 

results. Modifications for this work involved repositioning the anchor sequences to 

allow for additional analysis of the flanking regions [98]. An allelic balance threshold of 

20% was used for analysis, in order to reduce the number of artefacts requiring manual 

inspection. Results from this method were verified against alleles characterised using 

the repeat region sequences extracted from the UAS sample summary reports. 

2.3.2.4. UAS flanking region reports 

Part-way through this project, Verogen released a new version of the UAS which enabled 

the generation of flanking region reports. These reports contain the full sequence string 

of each amplicon sequenced, meaning that data was now available for the flanking 

region as well as the repeat region of autosomal STRs. Flanking region reports were 

downloaded for all samples and sorted to remove stutter and sequencing artefacts 

according to the alleles already verified using repeat region variant characterisation 

above.  
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2.3.2.5. Flanking region sequence characterisation and allele naming 

The results from the modified version of STRait Razor provided full sequence strings for 

all alleles, as well as a bracket annotation and the RS numbers for any SNPs in the 

flanking regions when known. Nomenclature described in the literature and the ISFG 

considerations [63, 74, 135] suggest that all markers should be reported on the forward 

strand, which is the nomenclature used by STRait Razor. UAS reports the following 

markers on the reverse strand: D1S1656, D2S1338, D5S818, D6S1043, D7S820, 

D19S433, CSF1PO, FGA, Penta E and vWA, so both the full string and the bracket allelic 

annotations were kept in both directions for these markers in order to ensure 

compatibility and enable comparisons with other publications. An additional 

concordance check was performed between the sequences validated using STRait Razor 

and the UAS flanking region reports.  

Flanking region variation is defined as any change occurring outside of the repeat region 

of STRs, with analysis ranges for the ForenSeq DNA Signature Prep Kit provided in the 

supplementary file of Gettings et al. [136]. Flanking region SNPs were identified 

manually by comparing sequences in Excel, and characterised using the “Forensic STR 

Sequence Structure Guide” (available from https://strider.online/nomenclature) [184]. 

Any SNPs found that were not present in this guide were submitted to dbSNP in order 

to obtain an rs number [185]. For the following markers, a short portion of sequence 

directly adjacent to the repeat region is reported by UAS in the sample summary reports: 

D13S317, D18S51, D19S433, D1S1656, D5S818, D7S820, vWA. Because these count as 

part of the flanking region in the “Forensic STR Sequence Structure Guide”, they have 

been referred to as “short flank” in this work.  

Variants observed on the basis of changes in flanking region sequence were added to 

the internal database generated using repeat-region variation described in 2.3.2.2. The 

addition of a letter to the internal short designator naming system was used to denote 

variation in the flanking region of STRs.  

2.3.2.6. Familias 

Although all samples were selected on the basis that they were from unrelated 

individuals, an additional verification check for any genetic relatedness was performed. 

This assessment was carried out using the Blind Search functionality of the Familias 

software [186, 187], which was downloaded freely from https://familias.no/. This 
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software uses DNA data (e.g. STR and/or SNP genotypes) to calculate which of two or 

more proposed hypotheses of genetic relatedness is most likely in the form of a 

likelihood ratio (LR). The 'Blind Search' tool can be used to search for specified 

relationships between any and all individuals within a DNA dataset. Pair-wise 

comparisons are carried out between each individual against all other individuals within 

the dataset to calculate an LR for a selected relationship (e.g. parent-child, full-siblings, 

half-siblings or first cousins) against an unrelated hypothesis. This function also allows 

the user to search for any direct matches amongst the DNA data, which would indicate 

duplicated samples. An initial search was carried out using STR genotypes and an LR 

threshold of 100 was used as a cut-off for all tested relationships. All pairs obtaining LR 

values under this threshold were considered to be unrelated, and all sample pairs with 

a value above this threshold were subjected to further investigation using available 

identity informative SNP genotypes. Any pairs still above an LR of 100 when including 

SNP data were considered to be related and one sample from the pair was removed 

from the dataset. 

2.3.2.7. Allele frequencies 

Once all sequence variants were characterised, sequence-based allelic frequencies were 

calculated and verified, in order to be able to use results from autosomal STRs 

sequenced with the ForenSeq DNA Signature Prep Kit and MiSeq FGx in statistical 

calculations for DNA typing. Frequencies can essentially be worked out by counting the 

number of observed alleles and dividing them by the total allele number. Arlequin 

software (v 3.5.2) was used to generate these frequencies [188]. Genotype data was 

formatted in Microsoft excel, so that sample names were in column A; frequency in 

column B (set to an absolute value of 1 for all genotypes as during the computations, 

Arlequin will compare all genotypes and recompute the frequencies [189]); the two 

alleles for the first STR locus in column C (across two rows); the two alleles for the second 

STR locus in column D and so on. Missing genotypes were replaced with “?”. In Arlequin, 

a new project was created following these steps: First, the “Microsat” option selected. 

Under “Data Type”, “Genotypic Data” was ticked, and under “Number of Samples”, the 

number of different populations being tested was inputted. As each population group’s 

frequencies were calculated separately, this was always set to 1. “TAB” was selected 

under “Locus Separator” and “?” for “Missing Data”. Once the project was created, 
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genotype data formatted as described above was pasted in the open project under 

“Samples/Sample Data”. Sample name and size were changed to the required values, 

before saving the project. Settings were selected to generate frequencies based on the 

genotypes inputted, and to check for non-random association of alleles by testing 

whether genotypes for each STR marker were in Hardy-Weinberg equilibrium (HWE) 

[23], applying a Bonferroni correction for multiple comparisons [190]. Doing this ensures 

that the expected number of homozygote and heterozygote genotypes are present 

within a dataset. Whilst loci not in HWE can be due to specific genetic factors such as 

selection or genetic drift, the primary benefit of verifying whether results were in 

agreement with HWE in this context is to check for serious genotyping errors, for 

example an excess of homozygotes which could indicate allelic drop out.  

Extra quality control steps were taken when generating allele frequencies from 

population data containing allelic dropout to avoid bias. Allelic dropout was not random 

(the larger allele was more likely to drop out) so it would be unacceptable to include 

only the single allele for those samples that did amplify, however at the same time, 

removing the entire sample can also lead to bias if, for example, an 11,18 genotype is 

more likely to suffer allelic dropout than an 11,13 genotype. To ensure allele frequencies 

were as accurate as possible, frequencies for each size-based allele were calculated from 

the known CE results, and if allelic dropout was observed in the sequence data then the 

sequence frequencies were scaled accordingly. This adjustment made a negligible 

difference to allele frequencies apart from in D1S1656 where a disproportionately high 

percentage of dropout had affected the 17.3 allele and this correction allowed the true 

17.3 frequency to be more accurately reported. 

An example of this approach is described here for the D1S1656 marker in the White 

British population, where only 385 out of the expected 414 alleles could be detected in 

this sample set.  From the 385 detected sequenced alleles, a total of 56 alleles were 

observed that corresponded to a ’12’ allele by CE. This was broken down into 20 alleles 

observed with the motif [TAGA]12 and 36 with the motif [TAGA]11TAGG, equating to 

frequencies of 0.052 and 0.094 respectively.  The known ’12’ allele frequency from the 

CE data on this sample set was 0.139, however the sequence allele frequency is 

calculated as an inflated 0.146 (0.052+0.094) due to the preferential drop-out of higher 

molecular weight alleles.  The sequence frequencies are therefore adjusted down to the 
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known value of 0.139 keeping the ratio between the 2 sequence motifs that was 

observed for this ’12’ length allele, i.e. the adjusted frequency for [TAGA]12 is 0.050 

(20/56*0.139) and for [TAGA]11TAGG is 0.090 (36/56*0.139).  In this way, all allele 

frequencies can be adjusted for this marker within this population, the result generally 

being to give a minor boost to allele frequencies for higher molecular weight alleles and 

a slight reduction to allele frequencies for lower molecular weight alleles. 

2.3.2.8. STRIDER 

STRidER (STRs for Identity ENFSI Reference Database) is a curated online STR allele 

frequency population database, used to provide STR genotype probability estimates and 

quality control of autosomal STR data. All sequence-based alleles were submitted to 

STRidER (accession number: STR000292) for quality control verification prior to 

publication and in order to contribute to this STR population database [175]. Data was 

first formatted according to the submission requirements – one excel spreadsheet was 

compiled for each of the 26 STR loci, with the two length-based alleles and allelic 

sequences for each individual given on two lines. The submission also contained a file 

containing background information on the dataset, a spreadsheet of length-based (CE) 

genotypes, and finally a description of the QC procedures undertaken (Familias and 

Arlequin steps described previously). 

2.3.2.9. FORSTAT 

FORSTAT (forensic statistics analysis toolbox) [191] is a webtool available from 

https://fdl-uwc.shinyapps.io/forstat/, used for the evaluation of genetic markers. It can 

be used for calculations such as homozygosity, heterozygosity, match probability, power 

of discrimination, paternity index, power of exclusion etc. Prior to publication of the 

frequencies, all genotypes were formatted to GenePop input [192] and FORSTAT  was 

used to investigate locus diversity and overall match probability of the marker set.  

2.3.3. SNP analysis 

2.3.3.1. Data extraction 

As described in section 2.2.1.1, a subset of the samples from each population group 

studied were sequenced a second time using a custom panel containing primers for the 

phenotype and ancestry informative SNPs found in the ForenSeq DNA Signature Prep 

Kit DNA primer mix B. Analysis was not performed using UAS for this part of the study in 
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order to be able to visualise and interpret data below the 11 read cut off applied by the 

software. Instead, FASTQ files were initially exported from the UAS server computer, 

before being renamed for ease of analysis. This involved creating a reference file 

containing the sample numbers and corresponding FASTQ name, which normally 

contains the index combination as an identifier (e.g. “R701-A501_S1_L001_R1_001”). 

RStudio [193] was then used to rename all FASTQ files and generate a new folder 

containing the renamed files. 

2.3.3.2. SNP genotyping 

The end file for SNP analysis is a variant call format (.VCF) file which is a standard output 

used in MPS genotyping, and highlights the target SNPs and variants compared to a 

reference genome. In order to generate these files, a script was used to undertake the 

following steps: 

1. BWA: The sequences in the FASTQ files were aligned to a reference file 

containing the target sequences of interest (DNA primer mix B SNPs) using the 

mem algorithm within BWA [182]. This reference file was created by searching 

for the target SNPs on dbSNP [185] and taking approximately 100 bases on either 

side of the SNP. For the HIrisPlex SNPs, the sequence between the published 

primers was used [147]. BWA creates sequence alignment map (SAM) files that 

are aligned to the reference sequences provided. 

2. SAMTools: SAM files are converted to BAM files, sorted indexed and 

intermediary files removed using SAMTools [194]. 

3. GATK: The Genome Analysis Toolkit [195] is then used to highlight all variants to 

the reference sequences in the initial reference file. 

A final RStudio script was used to modify the files into a more user-friendly format, such 

as providing heterozygous allele balance and adding conditional formatting to the values 

in the spreadsheet for easier visualisation. The files generated from this script were 

Excel files and were then collated to provide all genotypes for all samples in a run in a 

single workbook.  

Results were manually verified using a set of genotyping “rules”, namely: 

- Minimum number of reads to consider an allele genuine: 3 (i.e., an allele with 2 

or less reads was considered drop out). 
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- Minimum total number of reads to consider a locus typed: 6 (i.e., a locus with 

less than 6 reads overall was considered drop out). 

- Minimum number of read to consider a homozygous genotype genuine: 20 (i.e., 

a locus with one allele present at 19 reads or less was considered potentially 

heterozygous with possible drop out).  

- Heterozygous balance: anything below 0.85 was considered imbalanced. 

- Samples with 15 or more poor genotypes (imbalanced, or where drop out has 

occurred) were removed from further analysis.  

Based on these criteria, a final number of 266 samples were taken forward for SNP 

ancestry analysis (White British, n=42; South Asian, n=39; North East African, n=45; 

British Chinese, n=47 samples; West African, n=47 and Middle Eastern, n=47). 

2.3.4. Ancestry analysis 

2.3.4.1. Data formatting 

Verified genotypes were collated according to what was being analysed (loci type, 

populations etc) in Microsoft Excel spreadsheets. Additional information was added to 

the first line of the data sheet as follows and as shown in Figure 2.3: A1= number of loci; 

B1= number of samples; C1= number of populations; D1- G1= samples per population. 

 

Figure 2.3: Example of data formatted for downstream ancestry analysis 
GenAlEx (Genetic Analysis in Excel) was downloaded freely as an add-on to Microsoft 

Excel [196]. This was used to format the data for both STR and SNP results into a format 

that would work for downstream ancestry analysis. Two main functions were used: 

• Split data (genotypes in two columns): Manage data > edit raw data > split codom 

• Change letters for numbers: manage data > edit raw data > alpha to numeric 

The resulting dataset contained the following for each analysis: column A contained the 

sample name; column B the population identifier (1 for White British, 2 for British 

Chinese, 3 for North East African, 4 for South Asian, 5 for West African – these identifiers 
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were mainly used for subsequent graphical display in CLUMPAK); column C contained 

the first allele for the first genetic marker (STR or SNP); column D contained the second 

allele for the same marker; columns E and F contained the first and second allele for the 

second marker and so on. The “split codom” function of GenAlEx was used to split the 

data for the individual markers into two columns, and the “alpha to numeric” function 

represent alleles as numbers rather than letters. Any missing data was represented by -

9. The spreadsheet was exported to “STRUCTURE format”, using GenAlEx, as a “tab 

delimited text file”. 

2.3.4.2. STRUCTURE  

Ancestry estimation was performed using the program STRUCTURE [171], which uses a 

model-based clustering algorithm to infer population structure from multi-locus 

genotype data. The underlying algorithm looks for K different genetic signatures within 

a dataset of individuals. Individuals are then assigned to one of the K clusters using 

either a non-admixture model which assigns individuals in a yes/no approach to each 

cluster, or by breaking down each individual’s results by the proportion of ancestry 

which can be assigned to each of the K populations. If an individual is of mixed ancestry, 

using the admixture model of clustering would results in components being attributed 

to both/ multiple ancestral populations. A graphical display of the admixture model 

results shows each individual as a single vertical line, and the membership of proportion 

to each inferred K group is represented by splitting this line into different colours. The 

model uses a Bayesian approach to discerning K genetic clusters within the datal, 

through the use of allelic frequencies. These frequencies are assumed to be in Hardy-

Weinberg equilibrium and genetic markers are assumed to be in linkage equilibrium.  

Version 2.3.4 of the STRUCTURE software is freely available and was downloaded from 

https://web.stanford.edu/group/pritchardlab/structure.html and used throughout this 

work. For each STRUCTURE run, a new project was created, and the appropriately 

formatted dataset file uploaded. When prompted, information was entered regarding 

number of individuals and markers present in the data, and options were ticked 

specifying that data included marker names in row 1 and that data was stored on a single 

row for each individual (as opposed to on two rows). Options were also ticked to denote 

that samples names were entered in column A, and putative populations in column B. 

Parameters were set at 100,000 for burn-in and 100,000 Markov Chain Monte Carlo 
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repetitions, using the admixture model of analysis. K values were set depending on the 

data being analysed. 

2.3.4.3. CLUMPAK 

Results from STUCTURE were displayed graphically using the program CLUMPAK 

(Clustering Markov Packager Across K) [197]. According to instructions, the results folder 

generated by STRUCTURE was zipped, and then uploaded to http://clumpak.tau.ac.il/ 

alongside a label file denoting which population identifier corresponds to which 

ancestral population, and a colours file to assign each cluster a specific colour. Once a 

CLUMPAK run was completed, a results folder and PDF file containing graphical display 

of data were downloaded. An example output graph from CLUMPAK can be seen in 

Figure 2.4. 

 

Figure 2.4: Example of CLUMPAK graphical display 

These plots were generated using results from STRUCTURE for 989 individuals using 

aSNP data for K=4 and K=5 population groups. 

2.3.4.4. Rosenberg informativeness for assignment measure 

The informativeness for assignment (In) measure is used to determine the amount of 

information that multi-allelic markers provide about individual ancestry [198]. 

Rosenberg et al. proposed this value with the purpose of reducing the genotyping 

required for ancestry inference, i.e., using a smaller subset of markers of highest 

informativeness will reduce the number of markers needing to be targeted whilst 

achieving the desired result in terms of ancestry estimation.  
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Infocalc is a script used to calculate statistics that measure the ancestry information 

content of genetic markers [198], including the In measure. This perl script can be 

downloaded from https://rosenberglab.stanford.edu/infocalc.html. Genotypes 

formatted for STRUCTURE were used as they were already purely numerical, and after 

removing all spaces in the spreadsheet, the sheet was saved as a .STRU file extension. 

This was done for all genotypes for the five population groups, and then individual input 

files containing just combinations of populations (e.g. White British and British Chinese, 

British Chinese and West African and so on.) were also saved. In the end, one input file 

containing genotypes for all five populations and 10 input files containing pairs of 

populations were used for length-based alleles, repeat-region variant alleles and 

flanking-region variant alleles (resulting in 33 input files). 

In a command line, the directory was changed to the folder containing the input file, and 

the following was inputted:    

./infocalc -input infile.stru -numpops 5 

For each input file, the “infile.stru” was changed to the appropriate name (e.g. 

5_pop_infile.stru) and the number of populations investigated was modified accordingly 

(either 5 or 2 populations at a time). The analyses were performed without a weightfile, 

meaning that each population is equally likely to be the source population. Given 

numbers of samples per population were practically identical, this was considered 

acceptable. The output file created for each run of Infocalc was copied into an excel 

spreadsheet. 

2.3.4.5. FROG-kb 

The genotypes for the 55 SNPs described in Kidd et al. [105] were extracted from the 56 

SNP results provided by UAS for a few specific samples from each population for review. 

The FROG-kb website (https://frog.med.yale.edu/FrogKB/index.jsp) provides the ability 

to calculate relative likelihoods of ancestry from different reference populations for 

uploaded aiSNP genotypes, derived underlying allelic frequencies from the ALlele 

FREquency Database (ALFRED, http://alfred.med.yale.edu). The “AISNP” radio button 

allows the user to enter genotypes of an individual at multiple SNPs, and the 

probabilities of that multisite genotype in each of several populations is calculated and 

provided. The “KiddLab - Set of 55 AISNPs” option was selected, followed by “Data 

Entry”, “File Upload” and finally “Input Genotype for a Panel”. Here, the genotypes for 



 72 

the 55 SNPs for a sample was pasted into the box, formatted so that the first line starts 

with 'ai55' (to denote an ancestry inference 55 SNP Set). The second line on the file 

contains the column heads (ALFRED_UID, dbSNP_rsnumber, chrom, chrom_pos, alleles, 

genotype), and the rest of the line contain the appropriate data. The results obtained 

were copied and pasted into Excel for graphical rendering.  

2.3.4.6. Snipper 

The length-based genotypes for several samples were uploaded to the program Snipper, 

accessed from http://mathgene.usc.es/snipper/frequencies_new.html, in order to 

classify them using a frequency-based training set of 32 markers. Frequencies for 22 out 

of the 27 autosomal STR markers targeted by the ForenSeq DNA Signature Prep kit are 

available as part of this set, so profiles were modified by removing data for the 

additional 5 loci (D4S2408, D6S1043, D9S1122, D17S1301 and D20S482) and formatted 

according to the requirements. For each input profile to be classified, markers are 

separated by slashes, both alleles of each marker by commas – as in the example below. 

9,10/15,15/13,15/19,20/15,17/11,13/10,11/14,17/13,14/17,18/8,12/12,12/14,16/14,1

6/30,31.2/15,15/24,29/6,9.3/8,8/15,16/9,11/9,14 

2.3.4.7. PopAfiliator 

Length-based genotypes for several samples were manually input into the PopAfiliator 

2 website (http://cracs.fc.up.pt/~nf/popaffiliator2/) for population estimation, for the 

following loci: CSF1PO, D2S1338, D3S1358, D5S818, D7S820, D8S1179, D13S317, 

D16S539, D18S51, D19S433, D21S11, FGA, Penta D, Penta E, TH01, TPOX, vWA. 
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3. CONCORDANCE WITH CAPILLARY ELECTROPHORESIS 

AND SEQUENCE-BASED ALLELE CHARACTERISATION 

3.1. Concordance with capillary electrophoresis 

Before a new STR kit can be incorporated into the routine work of a forensic casework 

laboratory, its concordance with the previously implemented method must be 

demonstrated [131, 132]. Many commercial STR kits target the same markers, but 

differing kit configurations can mean different primer sequences are used to amplify the 

same locus, and therefore different primer binding sequences around the STR repeat 

region are targeted [112]. Concordance testing involves comparing results for identical 

markers obtained by different kits on the same set of samples. This kind of study can 

highlight a number of possible causes for discordances between kits. A mutation in the 

primer binding site for one kit can lead to inefficient amplification that may skew 

heterozygous genotypes, or in more drastic cases could cause a null allele (i.e., allele 

drop out). If a different kit targets a different primer binding region, this mutation would 

not affect amplification for the same sample, leading to a discordant result between kits. 

Similarly, the difference in primer design amongst kits may lead to discordant results if 

there is an insertion or a deletion in the flanking region of an STR locus (the area outside 

of the repeat region which is still captured within the amplicon) which is only included 

within the amplicon length amplified by one set of primers. Discordances can impact 

DNA databases and, in extreme cases, lead to incorrect comparisons. For example, if a 

profile recovered from a crime scene was compared to a suspect reference profile, it is 

important that the methods used to generate both profiles are considered concordant. 

The lack of a match between two genuinely identical DNA samples is a routine 

inconvenience to forensic laboratories. Databases deal with this by having algorithms 

for “near-miss” reports, which show profiles that nearly match the one being searched 

– which are useful for taking into account possible clerical errors or discordancy between 

kits. Despite the use of near-miss reports, it is vital to understand the scope and scale of 

discordancy between commercial kits. Where discordant results are found, these can be 

listed on a database, or information provided to the manufacturer to enable a 

reconfiguration of primer design. It is especially important to check the concordance of 

MPS with CE-based technologies, as the manner in which alleles are designated is so 
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inherently different. Concordance studies for the ForenSeq DNA Signature Prep kit have 

already been undertaken as part of a developmental validation of the kit [108] and as 

part of several external studies [73, 74]. Results have shown a high level of concordance 

between this kit and CE-based STR multiplexes, although the diversity of samples used 

in these studies have been limited both in terms of numbers and population groups 

investigated. 

Although the process of library preparation and amplicon detection differs from 

traditional STR-CE kits in a multitude of ways, the underlying principle of the ForenSeq 

DNA Signature Prep kit still relies on PCR amplification of target STR sites, just like any 

CE-based kit. This means that prior to adoption and implementation of this kit, it was 

important to show that it is concordant with profiles, and by extension DNA databases 

of any kind, generated using CE kits. Most population studies aiming to investigate 

concordance and/or generate allelic STR frequencies are conducted using at least 200 

samples per population group, with the most recent guidelines for population data 

submission requiring data from a minimum of 500 samples per population group for CE-

generated data, and 50 samples per population group for MPS-generated data [174, 

175]. In this work, following initial analysis in the universal analysis software (UAS), 

results from 1018 samples were taken forward for concordance testing, with at least 

200 from each of the following groups: White British (n=207), British Chinese (n=200), 

North East African (n=209), South Asian (n=200) and West African (n=202). 

Length-based allelic designations for all alleles genotyped using the ForenSeq DNA 

Signature Prep kit and MiSeq FGx were compared to genotypes obtained for the STR 

markers contained within the GlobalFiler Express and PowerPlex 16 HS kits using a 

simple comparison tool designed using Microsoft Excel, as shown in Figure 3.1. 
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Figure 3.1: Example of the allele comparison spreadsheet used for concordance testing 

Example given for one sample. Where data is available for the two CE kits and the 

ForenSeq DNA Signature Prep kit, all three were compared (as seen on line 3 for CSF1PO). 

If the locus is only amplified in one CE kit, the comparison was made with that kit.  

A concordance rate exceeding 99% was observed for the STR markers compared with 

CE data in all five populations. This value is comparable to that observed when 

comparing CE-based kits [132], and suggests that the ForenSeq DNA Signature Prep kit 

is compatible with current technologies. Discordances were detected at D5S818 in the 

White British (n=1/207) and South Asian population (n=1/200), at D7S820 in the White 

British population (n=1/207) at Penta D in the South Asian population (n=1/200) and at 

D21S11 in the North East African (n=3/209) and West African (n=1/202) populations. 

Further details are given for each discordance event in the following subsections.  

Data for the STR locus D22S1045 was discounted early on due to severe heterozygote 

imbalance. This marker is known to perform poorly in this kit [199], also seen by the 

manufacturer, and a note about interpretation of homozygous genotypes is included in 

the protocol [122]. Because homozygous genotypes were not reliable, D22S1045 was 

not analysed in the context of concordance or for frequency generation, although 

sequences observed for this locus were characterised.  
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3.1.1. Discordances at D5S818 

D5S818 is a simple tetranucleotide repeat marker composed of a core [AGAT] repeat 

unit, with alleles ranging in size from 7-16 seen in this work. The D5S818 genotype for 

one White British sample was reported by UAS as a homozygous 11 genotype at D5S818, 

whereas a heterozygous 9, 11 genotype was observed using the GlobalFiler and 

PowerPlex 16 CE kits. Custom primers were used to sequence a larger amplicon 

containing the primer binding regions, and the null allele was found to be caused by a 

SNP 22 bp away of the traditionally defined repeat region, in the reverse primer binding 

site of the ForenSeq DNA Signature Prep kit primer. The sequence of this null 9 allele is 

shown in Figure 3.2, with the base change generating the null allele highlighted. This 

mutation does not have an assigned RS number and is therefore assumed to be rare.  

tgattttcctctttggtatccttacgtaatattttgaAGATAGATAGATAGATAGATAGATAGATAGATAGATagag

gtataaataaggatacacataaagatacaaatgttgt 

Figure 3.2: G>C mutation in a null 9 allele at D5S818 

The traditionally defined repeat region of D5S818 is underlined and sequence given in 

capitals. Flanking region sequence is provided in lower case, with the G>C mutation 

highlighted in red. 

The discordance at D5S818 in a South Asian sample was caused by a null allele in the 

ForenSeq DNA Signature Prep kit result, where one allele in a heterozygous profile had 

37 reads, whilst the other allele (allele 13) was not detected. This sample was sequenced 

using primers designed to fall outside of the ForenSeq DNA Signature Prep kit primer 

binding sites and a SNP was observed in the reverse primer binding region: rs25768 

[184]. This primer binding site SNP is well characterized and is an example of where the 

alternate G allele is considerably more common than the A allele observed in the 

reference genome, with global frequencies of 0.157 for the A allele and 0.843 for the G 

allele according to Phase 3 of the 1000 Genomes Project data [45]. Figure 3.3 highlights 

the position of the rs25768 SNP, 13 bp from the repeat region. Because D5S818 is one 

of the markers reported on the reverse strand by UAS, the SNP is visualised as a T base, 

although it is still referred to as a G/A SNP here in order to stay consistent with Phillips 

et al. [184]. 
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agggtgattttcctctttggtatccttatgtaatattttgaAGATAGATAGATAGATAGATAGATAGATAGATAGAT

AGATAGATagaggtataaataaggatacagataaagatacaaatgttgtaaactgtggctatgattggaatca 

Figure 3.3: rs25768 SNP minor allele in a null 13 allele at D5D818 

The traditionally defined repeat region of D5S818 is underlined and sequence given in 

capitals. Flanking region sequence is provided in lower case, with the mutation shown in 

red. 

The A base was associated with the null allele in the single South Asian sample but upon 

further investigation was also found to be associated in all populations with numerous 

instances of heterozygous imbalance. Heterozygous balance was measured at this locus 

by dividing the intensity of the minimum intensity allele by the intensity of the maximum 

intensity allele in all samples. A heterozygous balance ratio of under 0.6 is flagged by 

UAS as an imbalanced genotype [122] and was observed 223 times in this dataset (n= 

1018) at D5S818. The average heterozygous balance ratio for these genotypes was 0.43. 

Additional sequencing of a subset of the samples with this imbalanced genotype 

revealed an “A” allele at the rs25768 SNP within the D5S818 reverse primer binding site 

of the underrepresented allele in each case. Interestingly, the affected alleles in the 

imbalanced genotypes were all 10-14 alleles based on length-based designation, but all 

had the same repeat structure of [AGAT]n AGAG (including the “short flank”) rather than 

the alternative [AGAT]n AGAT motif. 

When visualising the sequencing reads using IGV, it became apparent that there is a 

redundant primer included within the ForenSeq DNA Signature Prep Kit to counteract 

the presence of this primer binding-site SNP. In these cases, this was evidently not 

sufficient to allow for efficient amplification, leading to lower coverage for certain 

alleles, at the most extreme level leading to the allelic dropout.  

3.1.2. Discordance at D7S820 

D7S820 is a simple tetranucleotide repeat marker composed of repeats of a core [GATA] 

unit, with alleles ranging in size from 6-14 observed in this work. A White British sample 

presented with a 7 allele at D7S820, despite it being genotyped as a 6.3 with several CE-

based methods [31-33]. Here, raw data was re-analysed in order to look at the sequence 

outside of the repeat region for this allele. The discrepancy was determined to be due 

to a rare deletion (rs540346880) found in the flanking region of the 7 allele [65, 200] as 
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shown in Figure 3.4. This variant has been described in the literature, with a frequency 

of less than 0.01% in a Caucasian population [201]. In the case of the CE-based methods, 

the deletion would have caused the amplicon to be 1 base pair shorter than expected, 

hence the resulting 6.3 genotype. If flanking regions were considered during allele 

designation, it would have been immediately apparent that this would be a 6.3 allele 

according to length-based allele calling. This issue raises the question regarding whether 

flanking region information should be reported for all markers when using MPS, to 

facilitate a nomenclature that offers full back-compatibility with CE-based methods. 

ataaagggtatgatagaacacttgtcatagtttagaacgaactaacGATAGATAGATAGATAGATAGATAGATaga

cagattgatagttttttttaatctcactaaatagtctatagtaaacatttaattaccaatatttggtg 

Figure 3.4: rs540346880 deletion in the flanking region of an allele 7 at D7S820 

The repeat region of D7S820 is underlined and sequence given in capitals. Flanking 

region sequence is provided in lower case, and the deletion is shown in red. 

3.1.3. Imbalance at D10S1248  

D10S1248 is a simple tetranucleotide repeat marker composed of a core [GGAA] unit, 

with alleles ranging in size from 9-18 seen in this work. Whilst no discordant results were 

obtained at D10S1248, heterozygous imbalance was noticed in some South Asian 

samples. Five instances where the heterozygous genotype balance was recorded as 

being less than 0.3 were detected and in every case the allele with a reduced read 

number was observed to be a 13. Sequencing with primers set outside of the ForenSeq 

DNA Signature Prep kit amplicon revealed a C to T mutation in these five 13 alleles that 

interferes with the binding of the reverse primer, as shown in Figure 3.5. This SNP has 

been previously characterised:  rs531980552 [184], with a frequency of 0.012 for the T 

allele in the South Asian population according to Phase 3 of the 1000 Genomes Project 

data [45]. Manual alignment of the sequencing reads showed that there is no redundant 

primer present to account for this SNP. 

gaccaatctggtcacaaacatattaatgaattgaacaaatgagtgagtGGAAGGAAGGAAGGAAGGAAGGAA

GGAAGGAAGGAAGGAAGGAAGGAAGGAAatgaagacaatacaaccagagttgtttctttaataa 

Figure 3.5: rs531980552 C to T mutation at D10S1248 

The repeat region of D10S1248 is underlined and sequence given in capitals. Flanking 

region sequence is provided in lower case, and the C>T mutation is shown in red. 
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3.1.4. Discordance at Penta D 

Penta D is a simple pentanucleotide repeat marker composed of a core [AAAGA] repeat 

unit, with alleles ranging in size from 2.2-17 observed in this work. For one South Asian 

sample, a heterozygous 9, 11 profile was obtained with CE, whereas a 9 homozygous 

profile with 310 reads was seen in UAS. The 11 CE peak was abnormal, as shown in Figure 

3.6, with a very large shoulder on the left-hand side of the peak. Sequencing with custom 

primers showed that there was no mutation associated with the 11 allele in the area of 

sequence assumed to correspond with the ForenSeq DNA Signature Prep kit primers, 

however there was a G>A change just before the repeat unit that created a 

homopolymer run of 12 A bases. This seems to have caused an unusual stutter, 

explaining the shoulder on the CE 11 allele, which corresponds to an amplicon product 

with only 11 A bases in this poly-A area. It would appear that this long homopolymer 

stretch, combined with the subsequent AAAAG repeat, is either causing problems in the 

sequencing or alignment of this allele. 

         

Figure 3.6: Penta D discordance 

Instance of discordance observed in one South Asian sample, with a 9/11 genotype with 

CE (left) but a 9 homozygote in UAS, with 310 reads (right). The 11 CE peak is abnormal, 

with a large shoulder on the left-hand side of the peak.  

3.1.5. Discordances at D21S11  

D21S11 is a complex tetranucleotide repeat marker that follows this motif: [TCTA]n 

[TCTG]n [TCTA]n TA [TCTA]n TCA [TCTA]n TCCATA [TCTA]n, where the bases in bold are 

not counted towards the length-based designation of alleles. In this work, alleles ranging 

in size from 24.3-37 were observed. The four recorded occurrences of discordance at 

this locus all involved drop out of a 24.3 allele observed with CE. Sequencing with custom 

primers revealed that the 24.3 allele is in fact a 28 allele with a thirteen base pair 
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deletion in the flank which would appear to be causing the drop out. The flanking region 

sequence for the 28 allele was obtained from Phillips et al. [184] and is shown in Table 

3.1. There is very limited flanking region sequence provided even by the UAS flanking 

report for this marker (just “CTATCTAT” on the 3’ end of the amplicon), further indicating 

that the reverse primer is likely to bind close to the repeat region of D21S11. As no other 

24.3 alleles were seen in any populations with the ForenSeq DNA Signature Prep kit, it 

is possible that this deletion is predominantly associated with 24.3 alleles. The alleles 

completely dropping out is likely due to the fact that the deletion is found 26 bases 

inside the 3’ end of the amplicon, suggesting it is towards the 5’ end of the primer 

binding site.  

Table 3.1: Sequence of null 24.3 alleles at D21S11 

Sequencing the null 24.3 allele obtained with the ForenSeq DNA Signature Prep kit 

reveals a 28 allele with a 13 bp deletion, shown striked through, in the flanking region, 

which likely falls within the primer binding site. 

Allele Repeat Region Flanking Region 

2803 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCATA [TCTA]9 

tc gtctatctatcca gtctatctacc 

24.3 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 
TCA [TCTA]2 TCCATA [TCTA]9 

tc gtctatctatcca gtctatctacc 

 

3.1.6. CE kit discordance at D13S317 

In addition to the discordances described above in the ForenSeq DNA Signature Prep kit, 

a discordance was observed between two CE kits, GlobalFiler and PowerPlex 16, in a 

West African sample at D13S317. This marker is a simple tetranucleotide repeat marker 

composed of a [TATC] repeat unit. As shown in Figure 3.7A, an 8 allele was obtained 

with GlobalFiler, whilst alleles 8 and 10 were obtained with PowerPlex 16. An out-of-bin 

allele was also observed in both profiles, corresponding to a 28.2 allele when 

extrapolated from the highest ladder allele. Sequencing this sample revealed the 

ForenSeq DNA Signature Prep kit profile to be a heterozygous 8/ 28.2, resulting in a 

concordant genotype with GlobalFiler, when taking into account the out-of-range 28.2 

allele.  Sequence-level data suggests the underlying reason for the discordance between 

the two CE kits. Figure 3.7B shows the allelic sequences obtained from the ForenSeq 

DNA Signature Prep kit data, where it can be observed that the 28.2 allele is formed 

from a partial fusion of the repeat region and flanking region of a 10 and 7 allele. The 
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small portion of flanking region duplicated contains the primer binding site sequence for 

PowerPlex 16 (TCTGTCTTTTTGGGCTGCC) [202], which explains the triple genotype 

observed with this kit (8, 10, OL/28.2). This is a clear example of the benefit of massively 

parallel sequencing in resolving discordances.  

A 

 

B 

Allele 8  
[TATC]8 aatcaatcatctatctatctttctgtctgtctttttggg 
Allele 28.2 
[TATC]10 AATCAATCATCTATCTATCTTTCTGTCTGTCTTTTTGGGCTGCCTA [TATC]7 
aatcaatcatctatctatctttctgtctgtctttttggg 
 

Figure 3.7: Discordance observed between two CE kits resolved using MPS 

The profiles obtained using GlobalFiler and the ForenSeq DNA Signature Prep kit are 

concordant, but different to the result obtained from PowerPlex 16, where an additional 

10 allele is observed (A). The sequence for the 28.2 allele (B) shows a partial fusion of the 

repeat region and flanking region of a 10 and 7 allele, leading to the 28.2 genotype. The 

flanking regions are shown in lower case, and the primer binding sequence for PowerPlex 

16 is underlined in the 28.2 allele, which led to the triple genotype with that kit.  

3.1.7. Triple genotype at D4S2408 

D4S2408 is a simple tetranucleotide repeat with a [ATCT] repeat unit that is not 

traditionally targeted by CE STR kits, with allele ranging in size from 7-13 seen in this 

work. One instance of a triple genotype was observed in a North East African sample, 

and given the maker isn’t part of any standard CE kit, the genotype was verified using 

published primers [180] and CE. The genotype was confirmed to be genuine and would 

8 OL

8 10 OL

GlobalFiler

PowerPlex 16

8 28.2

DNA Signature Prep

A
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appear to be the first instance of this occurrence. Given the balanced nature of this 

triplicate genotype, combined with the impossibility of having 3 complete copies of 

chromosome four, the cause of this is likely to be chromosomal rearrangement; similar 

to that observed at the TPOX locus where the third allele is in fact located on the X 

chromosome [203, 204]. Both the ForenSeq DNA Signature Prep kit and custom CE 

profiles are shown in Figure 3.8.  

        

Figure 3.8: D4S2408 Triple genotype 

Instance of a triple genotype observed at D4S2408 in a North East African sample in UAS 

(left) and confirmed using published primers and CE (right). 

3.1.8. Discussion on concordance  

As mentioned at the start of this chapter, a concordance rate exceeding 99% across all 

STR markers investigated is comparable to the value observed when comparing any two 

CE kits. The fact that different commercial kits target different primer binding sites to 

amplify the same markers can lead to poor amplification of an allele or even drop out 

when a mutation exists in the region where the primer for one kit binds, leading to a 

discordant genotype. The discordances observed at D5S818 (section 3.1.1) and D21S11 

(section 3.1.5) are examples of this and simply highlight the fact that the ForenSeq DNA 

Signature Prep kit relies on primer-based target amplification, where these primers can 

differ to those used in CE-based kits. Although certain rare mutations can always occur, 

such as the first discussed at D5S818, Verogen may want to consider increasing the ratio 

of the redundant primer for the rs25768 SNP at D5S818 and adding one for the 

rs531980552 SNP at D10S1248 in future iterations of this kit to avoid any issues with 

concordance. The deletion in the primer binding site of D21S11 in the four African 

samples is more complicated and could require the design of a new primer to resolve. 
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The discordance at D7S820 (section 3.1.2) introduces the need to account for flanking 

region sequences for nomenclature purposes, which will form a major part of the 

discussion later in this thesis. By looking at the repeat region alone, it is normal that the 

UAS would identify the [GATA]7 sequence as an allele 7, but back compatibility to CE is 

crucial, and therefore the full length of the amplicon must be considered in order to 

avoid discordant results like the one observed in this case. Other software tools such as 

STRait Razor [127, 205] and FDSTools [206] have taken this onboard already and look at 

both sequence and amplicon size to name autosomal STR alleles.  

The discordance at Penta D (section 3.1.4) highlights the added complexity associated 

with comparing methods that rely on different molecular biology principles, while the 

use of the ForenSeq DNA Signature Prep kit to resolve a discordance between two CE 

kits at D13S317 (section 3.1.6) features a major advantage of using sequencing rather 

than size-based separation for the interpretation of results. Overall, these results 

indicate that the ForenSeq DNA Signature Prep kit is highly concordant with the 

PowerPlex and GlobalFiler kits, and results obtained using the different kits can be 

compared in the context of DNA typing. Large scale concordance studies such as this 

one are important to find out how likely it is to observe a discordant genotype when 

using multiple kits for analysis.  

Since the beginning of this work, numerous other groups have also published 

concordance studies between MPS assays and CE and have also found very few 

discordances [62, 63, 207-210]. Just et al. obtained an autosomal STR concordance rate 

of 99.96% when comparing the ForenSeq DNA Signature Prep kit and PowerPlex Fusion 

CE kit [74] across 103 individuals. Novroski et al. compared the ForenSeq DNA Signature 

Prep kit with GlobalFiler across 170 samples and observed just two discordances, 

resulting once more in a concordance rate exceeding 99% [63]. As in this work, one 

discordance was observed due to a point deletion in the flanking region of the D7S829 

marker, causing a 10.3 allele identified with CE to be typed as an 11 with the UAS. The 

authors came to the same conclusion as that discussed above regarding the need to 

incorporate flanking regions and overall amplicon size when naming alleles. Gettings et 

al. make a similar point when discussing what they refer to as “Flanking Region InDel 

type null alleles” and suggest moving the bio-informatic recognition sites in order to 

improve concordance with length-based data [62].  
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3.2. Characterisation of sequence variants 

The results discussed above highlight the fact that STRs can be successfully typed using 

massively parallel sequencing, and the genotypes produced are highly concordant with 

those generated using CE. This back compatibility is of course vital for the 

implementation of MPS in forensic DNA typing, due to the millions of CE-generated STR 

profiles in national DNA and population databases. So, length-based genotypes obtained 

using MPS can be used to search a profile against a DNA database in the same way as 

any adopted CE kit results. The rationale for implementing a new technology is not 

simply for it to match what can currently be done however, and therefore the added 

benefits of sequencing STRs need to be investigated. MPS derived genotypes provide 

additional information compared to those obtained through size separation, by 

capturing the full underlying nucleotide sequence of the repeat units of STRs as well as 

neighbouring flanking regions. This added level of granularity for analysing STRs in turn 

leads to an increase in the power of discrimination of the test. In this section, the 

increase in alleles observed across commonly used STRs when applying MPS will be 

presented and discussed. The addition of sequence level information brings into 

question how we can easily refer to the “new” alleles observed, and so the strategy for 

allele characterisation will also be presented. Interesting sequences were investigated 

further, and the impact of omitting flanking region sequences for allele characterisation 

will be highlighted prior to further discussion in the next chapter.  

3.2.1. Repeat region sequence variation 

The extent of sequence variation in the 26 autosomal STRs studied was first investigated 

in the context of variation within the repeat region of these markers. This region has 

traditionally been the focus of STR analysis, and initial versions of the data analysis 

pipelines (namely UAS and STRait Razor) used in this work did not yet allow for 

visualisation of flanking regions of STRs.   

3.2.1.1. Characterisation of repeat region variant alleles  

In order to make use of the additional data provided by MPS results, alleles were 

characterised according to the method described in the previous chapter. In brief, 

sequences were extracted from UAS sample reports and used to compile an internal 

database. As more samples were sequenced and analysed, a VLOOKUP function was 
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used in Excel to identify allelic sequences, which would return the bracket annotation 

and internal short designator based on whether the FASTA sequence inputted had been 

seen before. If this lookup returned no result, the sequence was added to the database. 

Table 3.2 shows an example of the compiled sequences for one marker, D17S1301. 

The short designators used to assign a name to the sequence-based alleles were solely 

used for internal purposes, in order to avoid issues during downstream data analysis and 

frequency generation. The bracket annotation is consistent with how autosomal STRs 

are usually referred to in the literature, and described in databases such as STRBase [17]. 

This nomenclature system is purely used to describe the repeat region of STRs however 

and did not take into account flanking regions at this stage. Although the latest ISFG 

considerations suggest reporting all alleles on the forward strand, UAS still reports the 

following markers on the reverse strand, as historically reported [65]: D1S1656, 

D2S1338, D5S818, D6S1043, D7S820, D19S433, CSF1PO, FGA, Penta E and vWA. In this 

work, the bracket allelic annotations were kept in both directions for these markers to 

enable comparisons with other publications.  
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Table 3.2: Example of the table used to compile and then identify repeat-region 

sequence variants 

This table shows the alleles observed for D17S1301. Once a reasonable number of 

sequences had been seen, the FASTA sequences for newly sequenced samples were 

searched against this database, and if the same FASTA sequence was present in the 

table, the VLOOKUP function would return the corresponding short identifier (Allele (SB)) 

and bracket annotation. Length-based = LB; Sequence-based = SB. 

Allele (LB) Allele (SB) FASTA Bracket 

7 7 AGATAGATAGATAGATAGATAGATAGAT [AGAT]7 

8 8 
AGATAGATAGATAGATAGATAGATAGATAG
AT 

[AGAT]8 

9 9 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGAT 

[AGAT]9 

10 10 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGAT 

[AGAT]10 

11 1101 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGATAGAT 

[AGAT]11 

11 1102 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGATCGAT 

[AGAT]10 CGAT 

11.3 11.3 
AGATAGATAGATAGATAGATAGATAGATAG
ATGATAGATAGATAGAT 

[AGAT]8 GAT [AGAT]3 

12 1201 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGATAGATAGAT 

[AGAT]12 

12 1202 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGATAGATCGAT 

[AGAT]11 CGAT 

13 1301 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT 

[AGAT]13 

13 1302 
AGATAGATACATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT 

[AGAT]2 ACAT 
[AGAT]10 

14 14 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGATAGAT 

[AGAT]14 

15 15 
AGATAGATAGATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGATAGATAGAT 

[AGAT]15 

As mentioned in the previous chapter, UAS reports a small portion of sequence directly 

adjacent to the repeat region for several markers. Two STR loci showed considerable 

variation in this “short flank” portion of sequence. Lack of comprehensive allele 

sequence information at the time of definition of the D5S818 and D13S317 loci (~25 

years ago) means that the traditionally defined repeat region of these markers does not 

take into account all variation which affects their repeat structure. In both cases, there 

are additional repeat units directly next to the repeat regions. In the case of D5S818, 

rs73801920 is a A/C SNP, where the C allele causes the four base pairs directly 

neighbouring the initially defined repeat region to act as an additional [ATCT] repeat. 

Figure 3.9 shows the structure of an 11 allele at D5S818, which when present with the 
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C allele at rs73801920 (and therefore a structure of “[ATCT]12”) has a global frequency 

of 0.054 in this dataset. Figure 3.9 also shows the structure of an 11 allele at D13S317, 

which has two SNPs which affect the repeat region. Having a T allele at rs9546005 is 

common (global frequency of 0.42 according to dbSNP and the 1000 genomes project 

[45, 185]), with the “[TATC]12” version of an allele 11 having an average frequency of 

0.15 across the five populations studied. Having a T allele at both rs9546005 and 

rs202043589 is more uncommon, with the “[TATC]13” version of an allele 11 having only 

been observed at a frequency of 0.018 in the British Chinese population in this work. 

 

Figure 3.9: Sequence structure of D5S818 an D13S317 

Sequences were taken and adapted from the updated ‘Forensic STR Sequence Structure 

Guide’ associated with the publication by Phillips et al. [184] 

Although other publications have referred to the variation in these regions as affecting 

the flanking regions of the STRs [98, 211], it has been included as part of the repeat 

region structure in this work, for consistency with the UAS output and for scientific 

accuracy. Theoretically, the knowledge we now have about the structure of these 

markers could be used to change the way in which we report them, but given the 

extensive number of databases that already have D5S818 and D13S317 results in the 

current format, careful consideration is required. One option would be to adopt a 

nomenclature design that includes these variants as part of the flanking region of these 

loci but with a commentary on location and effect on repeat region structure. Another 

option would be to keep the length-based designator the same as for CE (i.e. an 11 allele 

for the examples discussed above), but with the entire repeated region in bracker 

format (e.g. 11 [TATC]12). 
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3.2.1.2. Additional variation observed compared to length-based alleles 

The number of individual alleles characterised by length was compared to those 

obtained by looking at variation within the repeat region of the 26 autosomal STRs 

studied, as shown in Figure 3.10 and then again in Figure 3.11. Samples were split 

according to population group for this second figure, as variation in marker 

discrimination is expected between populations. D12S391 is the most highly 

polymorphic autosomal STR within the group of markers studied in this work, with 88 

distinguishable alleles in the repeat region sequence-based results compared to 25 

alleles based on length. TPOX and TH01 are the two least polymorphic markers, with 9 

alleles distinguishable based on size for both and just one additional allele characterised 

using repeat region variation for TH01. Only two of the twenty-six autosomal loci 

showed no gain in the number of alleles seen using sequence information compared to 

length-based analysis: TPOX and D10S1248. These results differ slightly from the results 

published by Gettings et al. [62], where increased variation was seen at D10S1248, 

although no sequence variation was observed in their study at D7S820 and D13S317. 

Novroski et. al. [63] reported sequence variation at all autosomal loci except TPOX, 

whereas Delest et al. [212] did not observe any sequence variation at TPOX, D17S1301, 

TH01, CSF1PO, D10S1248, or Penta E in their database of 169 French individuals. This is 

likely due to differences in the number of samples and populations investigated 

between the different studies.  
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Figure 3.10: Increase in the number of STR alleles observed with repeat region 

variation, across all five population groups studies 

This graph shows the increase in the number of alleles seen across 26 autosomal STR 

markers targeted by the ForenSeq DNA Signature Prep kit when taking sequence-based 

variation into account compared to length-based data. 

This substantial increase in the number of alleles observed will directly impact forensic 

investigations, as it will increase the power of discrimination of STR testing. The larger 

the number of alleles that can be distinguished from commonly targeted loci, the lower 

the individual allelic frequencies and therefore the higher the power of discrimination. 

Allelic frequencies and their impact will be discussed in more detail in the next chapter.  
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Figure 3.11: Increase in the number of STR alleles observed, split by population 

This graph shows the same data on the increase in the number of alleles seen using 

sequence-based allelic data as Figure 3.10, but split according to the different population 

groups studied. 
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3.2.1.3. Interesting sequences in the “short flank” 

During the characterisation of  sequence-based alleles, several interesting variants were 

identified from the UAS reports, found in a portion of sequence not traditionally 

associated with the repeat region of STRs. For the following markers, a short section of 

sequence directly adjacent to the repeat region is reported by UAS in the sample 

summary reports: D13S317, D18S51, D19S433, D1S1656, D5S818, D7S820, vWA. This 

region of sequence was already discussed specifically for D5S818 and D13S317 in section 

3.2.1.1, and for all of these markers count as part of the flanking region in the “Forensic 

STR Sequence Structure Guide” [184]. They have been referred to as “short flank” in this 

work. One novel variant was observed at D18S51, a locus which exhibits limited repeat 

region sequence variation. This variant was an 18.1 length-based allele, with the 

following sequence: [AGAA]14 AAAG AGAG AG GAA [AGAA] AAAG AGAG AG. Although a 

size-based 18.1 allele has been seen before, no sequence information is available in the 

literature [17]. D18S51 is a simple tetranucleotide repeat marker where the common 

repeat motif is [AGAA]n. The “short flank” of this locus consists of a 10bp sequence found 

after the repeat region (AAAG AGAG AG), and in the case of the allele, this sequence can 

be seen to occur twice, with one occurrence of the [AGAA] repeat motif in the middle. 

The divergence at this allele would suggest that either [AGAA]14 AAAG AGAG AG is the 

original allele and a GAA [AGAA] AAAG AGAG AG has then been appended on, or the 

AAAG AGAG AG GAA sequence has been inserted inside a normal 15 allele. Because UAS 

uses a short amount of flanking region for allele designation at this marker, a 

discordance was not observed with the CE data for this sample. The utility of this short 

sequence of flanking region for allele designation is also demonstrated at D7S820, 

where a 9.2 allele was observed which is composed of 10 tetra-nucleotide repeats within 

its repeat region: [GATA]10 GACA GATT GA-- GTTT. In the “short flank” (in grey), two 

bases are missing due to a deletion. Looking at the repeat region sequence alone in this 

case would not match to the size-based allele and would have therefore been discordant 

with the CE result.  
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3.2.2. Flanking region variation 

In 2016, the DNA Commission of the International Society for Forensic Genetics (ISFG) 

published a series of considerations on minimal nomenclature requirements for the 

massively parallel sequencing of forensic STRs [135]. The article includes a discussion on 

the importance of including flanking region sequences when characterising STR alleles, 

both because of the potential of added variation provided in these regions, and because 

the mapping of insertions or deletion can inform the assignment of size-based alleles. 

This second point was already considered during this project due to the discordance 

observed between MPS and CE results for a sample with a one base deletion in the 

flanking region. One major consideration listed by the DNA Commission of the ISFG was 

as follows: “To account for relevant genetic variation outside common repeat regions, 

STR sequences stored as sequence strings should include flanking sequences as well as 

the genome coordinates of the sequence read start and end.” The provision on genome 

coordinates is important in the context of ensuring compatibility between different 

primer sets. If a flanking region variant was observed 100 bp upstream from the repeat 

region for example, it may be considered a “novel” allele, but the same variant would 

not be seen when using a kit that only includes 50 bp upstream of the repeat region. To 

investigate flanking regions, data for all samples initially used for concordance and the 

repeat region variation characterisation were re-analysed using two data analysis tools. 

3.2.2.1. Characterisation of flanking region variant alleles  

The output from the modified STRait Razor pipeline introduced in the methods chapter 

included full FASTA sequences for all alleles (including flanking regions), as well as the 

size-based allelic designation and bracket nomenclature for the repeat region sequence. 

A comparison to the alleles characterised based on repeat-region variation revealed full 

concordance, apart for the allele at D7S820 discussed in section 3.1.2, where STRait 

Razor provided the same result as that obtained for CE given it takes amplicon length 

into account. Once the option was available in the software, UAS flanking region reports 

were downloaded and used to check against the sequence output from STRait Razor. At 

this point, it was confirmed that there were no discrepancies observed between the 

sequence output from the two methods for data analysis. The full FASTA sequences, 

including flanking regions, for all the alleles already validated and checked for 

concordance and repeat region variation were added to the internal database described 
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earlier. For the following markers, the bracket annotation was added in both reporting 

directions to ensure back compatibility with both UAS flanking region reports and STRait 

Razor (and STRSeq, discussed below): D1S1656, D2S1338, D5S818, D6S1043, D7S820, 

D19S433, CSF1PO, FGA, Penta E and vWA. Table 3.3 shows an example of what the list 

of alleles looks like for the marker D1S1656, which can then be used both as a measure 

of the extent of sequence variation observed at this marker, and to identify any future 

sequence from a sample genotyped using the ForenSeq DNA Signature Prep kit and 

analysed using the UAS. As part of the publication process, all genotypes were also 

submitted to STRidER, a publicly available, centrally curated online allele frequency 

database and quality control platform for autosomal STRs [175]. The full list of 

sequences characterised in the course of this PhD is given at the end of this chapter, 

showing the bracket annotation for the repeat region of all alleles, as well as flanking 

region sequences, short flank and STRSeq record description where appropriate (Table 

3.5).  
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Table 3.3: Example of the table used to identify flanking-region variants 

This table shows a subsection of the alleles observed for D1S1656. Using this table, FASTA 

sequences for newly sequenced samples (either repeat region - RR or full amplicon - FR) 

can be searched against the internal database, and if the same FASTA sequence is 

present in the table, the VLOOKUP function will return the short identifier (Allele (SB)) 

and the bracket annotation. The “Short Flank”, [TG]5 sequence, reported by UAS for this 

marker is seen in grey in the bracket annotation. Length-based = LB; Sequence-based = 

SB. 

Allele 
(LB) 

Allele 
(SB) UAS FASTA (RR) UAS FASTA (FR) Bracket 

(UAS) 
STRSeq 
Record 

17 1701a 

TAGATAGATAGATAGATAGATA
GATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT
AGGTGTGTGTGTG 

TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGGTGTG
TGTGTGTTTAATTGTATGTATATAT
ATTTGGTTCCCTAGTGATTCTATTT
CTCTGAA 

[TAGA]16 
TAGG [TG]5 

CCTA 
[TCTA]16 

17 1701b 

TAGATAGATAGATAGATAGATA
GATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT
AGGTGTGTGTGTG 

TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGGTGTG
TGTGTGTTTAATTGTATGTATATAT
ATTTGGTTCCCTAGTGATTCCATTT
CTCTGAA 

[TAGA]16 
TAGG [TG]5 

CCTA 
[TCTA]16 
rs5411234
99 

17 1702 

TAGATAGATAGATAGATAGATA
GATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT
AGATGTGTGTGTG 

TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATGTG
TGTGTGTTTAATTGTATGTATATAT
ATTTGGTTCCCTAGTGATTCTATTT
CTCTGAA 

[TAGA]17 

[TG]5 
[TCTA]17 

17.3 17.3 

TAGATAGATAGATAGATGATA
GATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT
AGATAGGTGTGTGTGTG 

TAGATAGATAGATAGATGATAGAT
AGATAGATAGATAGATAGATAGAT
AGATAGATAGATAGATAGATAGGT
GTGTGTGTGTTTAATTGTATGTATA
TATATTTGGTTCCCTAGTGATTCTA
TTTCTCTGAA 

[TAGA]4 TGA 
[TAGA]12 
TAGG [TG]5 

CCTA 
[TCTA]12 
TCA 
[TCTA]4 
rs4847015 

18 1801 

TAGATAGATAGATAGATAGATA
GATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT
AGATAGATGTGTGTGTG 

TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGA
TGTGTGTGTGTTTAATTGTATGTAT
ATATATTTGGTTCCCTAGTGATTCT
ATTTCTCTGAA 

[TAGA]18 
[TG]5 

[TCTA]18 

18 1802 

TAGATAGATAGATAGATAGATA
GATAGATAGATAGATAGATAG
ATAGATAGATAGATAGATAGAT
AGATAGGTGTGTGTGTG 

TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGA
TAGATAGATAGATAGATAGATAGG
TGTGTGTGTGTTTAATTGTATGTAT
ATATATTTGGTTCCCTAGTGATTCT
ATTTCTCTGAA 

[TAGA]17 

TAGG [TG]5 
CCTA 
[TCTA]17 
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3.2.2.2. Additional variation observed 

No variation was observed in the flanking regions of STRs that did not show variation in 

the repeat region, namely TPOX and D10S1248. This is consistent with other studies such 

as that by Phillips et al. [213] who recorded no sequence variation at these loci, and the 

later study by Gettings et al. [98] who observed one instance of repeat variation for both 

TPOX and D10S1248 but no flanking region variation. The loci showing the most allelic 

gains by sequence when including both repeat and flanking region variation are vWA, 

D21S11, D2S1338, and D12S391, which are all compound or complex STRs [65]. This is 

once again consistent with other studies looking at sequence variation both within and 

outside of the repeat regions of these STRs [62, 63, 95, 96, 213, 214]. Figure 3.12 shows 

that for virtually all markers, variants not associated with the repeat region account for 

a small proportion of the increase in alleles observed due to sequence variation. At 

D7S820, D16S539, D20S482 and Penta D, this increase is more pronounced. Table 3.4 

shows the length of flanking region sequence provided by UAS for each locus, and 

number of alleles identified based on variation in the flank. There is a strong correlation 

between the two which was found to be significant (Pearson’s R= 0.694, p=0,0000834), 

suggesting, perhaps unsurprisingly, that there is a higher chance of observing flanking 

region polymorphisms in longer flanking sequence stretches. The usefulness of flanking 

region variation is better demonstrated by considering frequencies, which will be 

discussed in the following chapter.  
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Figure 3.12: Increase in the number of STR alleles observed with flanking region 

variation, split by population 

As in Figure 3.11, this graph shows the increase in the number of alleles observed when 

considering sequence variation (RR: Repeat Region; FR: Flanking Region). 
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Table 3.4: Amplicon length vs variation in flanking regions  

Length of flanking region sequence provided by the UAS output (flanking region report) 

per locus in base pairs, and number of alleles characterised by variation in flanking region 

(FR alleles). 

STR Locus FR length (bp) Number of FR alleles 
D1S1656 51 1 
TPOX 5 0 
D2S1338 17 0 
D2S441 52 3 
D3S1358 66 1 
D4S2408 14 0 
FGA 40 0 
D5S818 16 0 
CSF1PO 20 0 
D6S1043 85 3 
D7S820 39 12 
D8S1179 5 0 
D9S1122 24 0 
D10S1248 41 0 
TH01 44 1 
vWA 24 1 
D12S391 133 9 
D13S317 78 6 
Penta E 19 0 
D16S539 74 12 
D17S1301 25 0 
D18S51 53 3 
D19S433 66 1 
D20S482 42 6 
D21S11 46 0 
Penta D 153 12 

 

3.2.3. STRSeq 

The full sequences for 1100 samples (including a small number of Middle Eastern 

samples) were submitted as part of the creation of the STR Sequencing (STRSeq) 

BioProject [139], alongside data from the National Institute of Standards and 

Technology (NIST) [98, 180, 215], the University of North Texas (UNT) [63, 64] and the 

University of Santiago de Compostela (USC) [213]. This curated catalogue of sequence 

diversity was set up to facilitate the description of sequence-based alleles at forensically 

relevant STR loci, in a format consistent with the DNA Commission for the ISFG’s 

considerations [135]. The STRSeq catalogue will evolve alongside tools for bio-informatic 

data analysis, and requirements for sequence-based allelic nomenclature, facilitating 

inter-laboratory communications. The future goal for this database will be for it to be 
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used to check all submitted MPS-obtained STR results, by integrating it with STRidER 

which could then query the STRSeq database, enabling researchers to identify whether 

the sequences they have observed are novel or not, and what the correct nomenclature 

is. If STRidER were to find no matching sequence in STRSeq, a process to evaluate the 

sequence would be initiated (checking of sequence range, flanking region 

polymorphisms etc). To this end, it was important that a range of large-scale population 

databases be used to compile the initial list of “known sequences”. Figure 3.13 shows 

the overlap of sequences submitted by all four contributing laboratories for the locus 

D12S391. Of the 97 sequences observed for this locus as part of this work, 58 were seen 

by all laboratories and 17 were seen solely in the KCL database. This is likely due to the 

fact that different populations were sampled, with the work in this project focussing on 

UK-relevant population groups. 

 

Figure 3.13: D12S391 sequence-based alleles submitted to STRSeq 

A: Venn diagram showing the overlap of sequence-based alleles initially submitted to the 

STRSeq BioProject for the D12S391 locus by the four participating laboratories, with the 

total number of unique sequences observed for each given in brackets. B: Sequential 

submission of unique sequences from each laboratory led to a final 157 records for 

D12S391, with the data from this project (KCL) providing 25 unique sequences which had 

not been seen in the NIST data set. Figure recreated and adapted from Gettings et al. 

[139]. 
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3.3. Discussion on implementation 

A crucial factor for the implementation of MPS in forensic DNA testing was its 

compatibility with existing, CE-generated databases. This work has shown that 

genotypes obtained using the ForenSeq DNA Signature Prep kit and MiSeq FGx can be 

converted to length-based results which are concordant with CE genotypes and can be 

compared to a CE profile or searched against a database. The small number of 

discordant results observed have been fully investigated, and suggestions as to how 

discrepancies can be avoided discussed earlier on in this chapter. Characterising 

sequence-based alleles is important in the context of comparison with CE results, but 

also to understand the added value of using sequencing over size-based allelic 

separation. At the start of this work, it was impossible to know what the breadth of 

variation would be for some of the autosomal STRs that have been in common use for 

the past 20 years. Whilst there is a clear correlation between the complexity of the 

repeat structure of these loci and the amount of sequence variation observed, it took 

looking at over 1000 samples to gain a true understanding of how the markers behave 

at the sequence level. D12S391 showed an increase of almost 300% in the number of 

alleles observed by sequence compared to the number observed by length, and it’s likely 

that considerably more variation will be seen when looking at more populations. These 

results have also been published (Appendix I and II), and form part of a global online 

database that is available to the wider forensic community. As of April 2021, the article 

introducing STRSeq had been cited 41 times, with a NIST grant summary report breaking 

down usage of the STRSEq BioProject showing that since 2019, researchers have been 

mostly using the database to assess if a sequence is known (or to check its correct 

formatting), and in the development of data analysis frameworks for MPS data [216]. 

The data from King’s College London contributed 214 unique sequences to this dataset, 

demonstrating the value of such a large-scale population database. 

As well as gaining an understanding of the breadth of variation seen at traditional loci 

when accounting for sequence information, characterising the alleles provided the 

foundation for the population databases which will be presented in the next chapter. 

Alleles were given a short, internal designator which allowed for data to be input into 

certain bioinformatic software tools, which links back to the full sequence string and a 

bracket annotation. This designator involves different characters to denote repeat and 
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flanking region variants, to enable their comparison in later work. Nomenclature 

remains an important barrier to the implementation of MPS, but a growing 

understanding of how STRs vary will help inform decisions by bodies such as the STRAND 

working group [136]. The bracket annotation method referred to in this project for 

example works well when referring to the repeat region of autosomal STRs, and provides 

an ease of translation to CE, length-based designation, but crucially misses out 

information about the flanking region sequences. The incorporation of flanking region 

sequences complicates the matter of STR nomenclature on several levels. One major 

consideration relates to profile comparison or database searching. Because different 

commercial MPS-based kits target different length amplicons through differing primers, 

the same sample could be sequenced with two different kits and provided discordant 

results if one result reports a differently named allele due to flanking region variances. 

In order to avoid this, it is vital that a nomenclature system be adopted which takes this 

into consideration. Currently, multiple research groups and consortiums are working 

towards a standardised, easy to use method, but the preferred tactic for flanking region 

sequence inclusion has yet to be agreed. Using the full sequence string for referring to 

MPS-generated data, whilst the most technically straight forward, has a number of 

important limitations. For one, many forensic DNA databases are not currently equipped 

to deal with such long strings of characters, and so these cannot be adequately stored 

or searched for [136]. For database searching and mixture analysis software tools, the 

use of a short designator would be preferred due to the reduced number of characters 

[137, 138]. These short designators would refer to an online (or offline, with periodic 

updates) database which refers back to the full string sequence.  The problem with this 

solution is that two laboratories could theoretically discover a new allele and assign 

them difference short designator if the database isn’t updated continuously. Using a 

bracketed repeat format for naming alleles enables a certain level of understanding of 

the allele structure, and enables easy comparison between results while maintaining a 

relatively low number of characters. The main drawbacks of this solution are potential 

lack of compatibility with the CE allele, and complications when trying to include flanking 

region variants. Hoogenboom et al. [128] suggest a new algorithm called “STRNaming”, 

which would return a bracketed repeat type name for any sequenced allele which 

include the length-based designation, bracket repeat and flanking region variants by 

means of variants calls upstream or downstream of the repeat region. This method was 
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developed following extensive collaboration with laboratories who generated large 

scale population databases, to ensure results were accurate, comparable, and met the 

needs of the forensic community. The results from this PhD have contributed in a very 

real way towards the solutions for how laboratories will interpret and apply results, 

leading to global adoption of the technology. Studies such as this one, and the others 

that have contributed to the STRSeq BioProject and STRNaming, are vital to help move 

towards a solution that starts with the most comprehensive amount of information 

possible. Although the utility of analysing flanking regions remains to be seen in terms 

of power of discrimination, and will be discussed in the next chapter, they absolutely 

must be considered when characterising alleles, to avoid the kind of discrepancies 

discussed at the start of this chapter.  

 

  



 102 

Table 3.5: Characterised sequences for 1018 samples sequenced using the ForenSeq DNA Signature Prep Kit 

Length-based (LB) and sequence-based (SB) allelic designations are given for each sequence characterised, as well as the repeat region bracket 

annotation according to UAS, and the STRSeq record description for the markers where this is different to UAS reporting. The “short flank” included as 

part of the UAS repeat region output is shown in grey for the relevant markers, and left and right flank sequences are provided, with flanking region 

variants highlighted in pink (RS number given when known). 
D1S1656 

Allele 
(LB) 

Allele 

(SB) 

Bracket (UAS) STRSeq Record Description   Left 

Flank 

Right Flank   

7 701 [TAGA]7 [TG]5  [TCTA]7   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

8 801 [TAGA]8 [TG]5  [TCTA]8   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

9 901 [TAGA]9 [TG]5  [TCTA]9   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

10 1001 [TAGA]10 [TG]5  [TCTA]10   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

10 1002 [TAGA]9 TAGG [TG]5  CCTA [TCTA]9   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

11 1101 [TAGA]11 [TG]5  [TCTA]11   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

11 1102 [TAGA]10 TAGG [TG]5  CCTA [TCTA]10   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

12 1201 [TAGA]12[TG]5 [TCTA]12   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

12 1202 [TAGA]11 TAGG [TG]5  CCTA [TCTA]11   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

13 1301 [TAGA]13[TG]5 [TCTA]13   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

13 1302 [TAGA]12 TAGG [TG]5  CCTA [TCTA]12   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

13 1303 [TAGA]11 TAGC TAGA [TG]5  TCTA GCTA [TCTA]11   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

14 1401 [TAGA]14[TG]5 [TCTA]14   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

14 1402 [TAGA]13 TAGG [TG]5  CCTA [TCTA]13   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

14 1403 [TAGA]13 TAAG [TG]5  CTTA [TCTA]13   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

14.3 14.301 [TAGA]4 TGA [TAGA]9 TAGG [TG]5  CCTA [TCTA]9 TCA [TCTA]4    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

14.3 14.302 [TAGA]2 TGA [TAGA]11 TAGG [TG]5  CCTA [TCTA]11 TCA [TCTA]2   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

15 1501 [TAGA]14 TAAG [TG]5  CTTA [TCTA]14   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

15 1502 [TAGA]15[TG]5  [TCTA]15   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

15 1503 [TAGA]14 TAGG [TG]5  CCTA [TCTA]14   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

15.3 15.301 [TAGA]4 TGA [TAGA]10 TAGG [TG]5  CCTA [TCTA]10 TCA [TCTA]4    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

15.3 15.302 [TAGA]3 TGA [TAGA]11 TAGG [TG]5 CCTA [TCTA]11 TCA [TCTA]3    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

15.3 15.303 [TAGA]2 TGA [TAGA]12 TAGG [TG]5  CCTA [TCTA]12 TCA [TCTA]2   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

16 1601 [TAGA]15 TAAG [TG]5  CTTA [TCTA]15   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

16 1602 [TAGA]16 [TG]5  [TCTA]16   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

16 1603 [TAGA]15 TAGG [TG]5  CCTA [TCTA]15   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

16.1 16.1 [TAGA]15 [TAAG] G [TG]5  C CTTA [TCTA]15   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   
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16.3 16.3 [TAGA]4 TGA [TAGA]11 TAGG [TG]5  CCTA [TCTA]11 TCA [TCTA]4    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

17 1701a [TAGA]16 TAGG [TG]5  CCTA [TCTA]16   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

17 1701b [TAGA]16 TAGG [TG]5  CCTA [TCTA]16    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCCATTTCTCTGAA rs541123499 

17 1702 [TAGA]17  [TG]5  [TCTA]17   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

17.3 17.3 [TAGA]4 TGA [TAGA]12 TAGG [TG]5  CCTA [TCTA]12 TCA [TCTA]4    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

18 1801 [TAGA]18  [TG]5  [TCTA]18   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

18 1802 [TAGA]17 TAGG [TG]5  CCTA [TCTA]17   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

18.3 18.3 [TAGA]4 TGA [TAGA]13 TAGG [TG]5  CCTA [TCTA]13 TCA [TCTA]4    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

19.3 19.3 [TAGA]4 TGA [TAGA]14 TAGG [TG]5  CCTA [TCTA]14 TCA [TCTA]4    NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

20.3 20.3 [TAGA]4 TGA [TAGA]15 TAGG [TG]5  CCTA [TCTA]15 TCA [TCTA]4   NA TGTGTGTGTGTTTAATTGTATGTATATATATTTGGTTCCCTAGTGATTCTATTTCTCTGAA   

 
TPOX 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

6 6 [AATG]6     NA TTTGG   

7 7 [AATG]7     NA TTTGG   

8 8 [AATG]8     NA TTTGG   

9 9 [AATG]9     NA TTTGG   

10 10 [AATG]10     NA TTTGG   

11 11 [AATG]11     NA TTTGG   

12 12 [AATG]12     NA TTTGG   

13 13 [AATG]13     NA TTTGG   

14 14 [AATG]14     NA TTTGG   

 
D2S441 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

7 7 [TCTA]7     CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

8 8 [TCTA]8      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

9 9a [TCTA]9      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

9 9b [TCTA]9    rs74640515 CCAGAAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

9.1 9.1 A [TCTA]9     rs74640515 CCAGAAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

10 1001a [TCTA]10      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

10 1001b [TCTA]10    rs74640515 CCAGAAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

10 1002 [TCTA]8 TCTG TCTA      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

11 1101a [TCTA]11      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

11 1101b [TCTA]11    rs74640515 CCAGAAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

11 1102 [TCTA]9 TCTG TCTA      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

11.3 11.301 [TCTA]4 TCA [TCTA]7      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

11.3 11.302 [TCTA]3 TCA [TCTA]8      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

12 1201 [TCTA]12      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

12 1202 [TCTA]10 TCTG TCTA      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   
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12 1203 [TCTA]9 TTTA [TCTA]2      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

12.3 12.301 [TCTA]4 TCA [TCTA]8      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

12.3 12.302 [TCTA]4 TCATCCA [TCTA]7      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

13 1301 [TCTA]13      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

13 1302 [TCTA]10 TTTA [TCTA]2      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

13 1303 [TCTA]11 TCTG TCTA      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

13.3 13.3 [TCTA]4 TCA [TCTA]9      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

14 1401 [TCTA]9 CCTA TCTA TTTA [TCTA]2      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

14 1402 [TCTA]11 TTTA [TCTA]2      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

14 1403 [TCTA]11 TTTA TCTA TGTA     CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

15 15 [TCTA]12 TTTA [TCTA]2      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

16 1601 [TCTA]13 TTTA [TCTA]2      CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

16 1602 [TCTA]13 TTTA TCTA TGTA     CCAGGAACTGTGGCTCATCTATGAAAACT TATCATAACACCACAGCCACTTA   

 
D2S1338 

Allele (LB) Allele (SB) Bracket (UAS) STRSeq Record Description   Left Flank Right Flank   

14 14 [TGCC]6[TTCC]8 [GGAA]8 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

16 1601 [TGCC]7[TTCC]9 [GGAA]9 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

16 1602 [TGCC]6[TTCC]10 [GGAA]10 [GGCA]6    AAATGGCTTGGCCTTGCC CTC   

16 1603 [TGCC]5[TTCC]11 [GGAA]11 [GGCA]5    AAATGGCTTGGCCTTGCC CTC   

16 1604 [TGCC]4[TTCC]12 [GGAA]12 [GGCA]4    AAATGGCTTGGCCTTGCC CTC   

17 1701 [TGCC]6[TTCC]11 [GGAA]11 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

17 1702 [TGCC]5[TTCC]12 [GGAA]12 [GGCA]5    AAATGGCTTGGCCTTGCC CTC   

17 1703 [TGCC]4[TTCC]13 [GGAA]13 [GGCA]4    AAATGGCTTGGCCTTGCC CTC   

17 1704 [TGCC]7[TTCC]10  [GGAA]10 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

18 1801 [TGCC]7[TTCC]11 [GGAA]11 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

18 1802 [TGCC]6[TTCC]12 [GGAA]12 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

18 1803 [TGCC]4[TTCC]14 [GGAA]14 [GGCA]4   AAATGGCTTGGCCTTGCC CTC   

18 1804 [TGCC]5[TTCC]13 [GGAA]13 [GGCA]5    AAATGGCTTGGCCTTGCC CTC   

18 1805 [TGCC]3[TTCC]15 [GGAA]15 [GGCA]3    AAATGGCTTGGCCTTGCC CTC   

18 1806 [TGCC]2[TTCC]16 [GGAA]16 [GGCA]2   AAATGGCTTGGCCTTGCC CTC   

18 1807 [TGCC]7[TTCC]8[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]8 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

19 1901 [TGCC]8[TTCC]11 [GGAA]11 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

19 1902 [TGCC]7[TTCC]12 [GGAA]12 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

19 1903 [TGCC]6[TTCC]10[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]10 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

19 1904 [TGCC]6[TTCC]13 [GGAA]13 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

19 1905 [TGCC]5[TTCC]14  [GGAA]14 [GGCA]5   AAATGGCTTGGCCTTGCC CTC   

19 1906 [TGCC]7[TCCC][TTCC]11 [GGAA]11 GGGA [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

19 1907 [TGCC]7[TTCC]9[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]9 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

19 1908 [TGCC]3[TTCC]16 [GGAA]16 [GGCA]3    AAATGGCTTGGCCTTGCC CTC   
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19 1909 [TGCC]4[TTCC]15  [GGAA]15 [GGCA]4   AAATGGCTTGGCCTTGCC CTC   

20 2001 [TGCC]7[TCCC][TTCC]12 [GGAA]12 GGGA [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

20 2002 [TGCC]8[TTCC]12 [GGAA]12 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

20 2003 [TGCC]7[TTCC]10[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]10 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

20 2004 [TGCC]7[TTCC]13 [GGAA]13 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

20 2005 [TGCC]7[TTCC]2[TTTC][TTCC]10 [GGAA]10 GAAA [GGAA]2 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

20 2006 [TGCC]6[TTCC]11[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]11 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

20 2007 [TGCC]6[TTCC]14 [GGAA]14 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

20 2008 [TGCC]4[TTCC]16  [GGAA]16 [GGCA]4   AAATGGCTTGGCCTTGCC CTC   

20 2009 [TGCC]5[TTCC]15  [GGAA]15 [GGCA]5   AAATGGCTTGGCCTTGCC CTC   

21 2100 [TGCC]7[TCCC][TTCC]13 [GGAA]13 GGGA [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

21 2101 [TGCC]8[TTCC]13  [GGAA]13 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

21 2102 [TGCC]7[TTCC]11[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]11 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

21 2103 [TGCC]7[TTCC]14 [GGAA]14 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

21 2104 [TGCC]7[TTCC]2[TTTC][TTCC]11 [GGAA]11 GAAA [GGAA]2 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

21 2105 [TGCC]6[TTCC]12[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]12 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

21 2106 [TGCC]6[TTCC]15 [GGAA]15 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

21 2107 [TGCC]8[TTCC]10[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]10 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

21 2108 [TGCC]5[TTCC]16  [GGAA]16 [GGCA]5   AAATGGCTTGGCCTTGCC CTC   

21 2109 [TGCC]9[TTCC]12  [GGAA]12 [GGCA]9   AAATGGCTTGGCCTTGCC CTC   

21 2110 [TGCC]4[TTCC]17  [GGAA]17 [GGCA]4    AAATGGCTTGGCCTTGCC CTC   

22 2201 [TGCC]9[TTCC]13  [GGAA]13 [GGCA]9   AAATGGCTTGGCCTTGCC CTC   

22 2202 [TGCC]9[TTCC]6[TTTC][TTCC]6 [GGAA]6 GAAA [GGAA]6 [GGCA]9   AAATGGCTTGGCCTTGCC CTC   

22 2203 [TGCC]8[TTCC]14  [GGAA]14 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

22 2204 [TGCC]7[TTCC]12[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]12 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

22 2205 [TGCC]7[TTCC]15 [GGAA]15 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

22 2206 [TGCC]6[TTCC]13[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]13 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

22 2207 [TGCC]5[TTCC]14[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]14 [GGCA]5   AAATGGCTTGGCCTTGCC CTC   

22 2208 [TGCC]4[TTCC]15[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]15 [GGCA]4   AAATGGCTTGGCCTTGCC CTC   

22 2209 [TGCC]6[TTCC]16  [GGAA]16 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

23 2301 [TGCC]9[TTCC]14  [GGAA]14 [GGCA]9   AAATGGCTTGGCCTTGCC CTC   

23 2302 [TGCC]8[TTCC]12[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]12 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

23 2303 [TGCC]7[TTCC]13[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]13 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

23 2304 [TGCC]7[TTCC]16  [GGAA]16 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

23 2305 [TGCC]6[TTCC]14[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]14 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

23 2306 [TGCC]5[TTCC]15[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]15 [GGCA]5   AAATGGCTTGGCCTTGCC CTC   

23 2307 [TGCC]4[TTCC]16[GTCC][TTCC]2 [GGAA]2 GGAC [GGAA]16 [GGCA]4   AAATGGCTTGGCCTTGCC CTC   

23 2308 [TGCC]7[TTCC][TGCC]3[TTCC]12 [GGAA]12 [GGCA]3 GGAA [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

23 2309 [TGCC]8[TTCC]15 [GGAA]15 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

24 2401 [TGCC]9[TTCC]15 [GGAA]15 [GGCA]9   AAATGGCTTGGCCTTGCC CTC   

24 2402 [TGCC]8[TTCC]13[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]13 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   
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24 2403 [TGCC]7[TTCC]14[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]14 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

24 2404 [TGCC]6[TTCC]15[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]15 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

24 2405 [TGCC]5[TTCC]16[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]16 [GGCA]5   AAATGGCTTGGCCTTGCC CTC   

24 2406 [TGCC]8[TTCC]16  [GGAA]16 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

24 2407 [TGCC]7[TTCC]13[TTTC][GTCC][TTCC]2 [GGAA]2 GGAC AGAA [GGAA]13 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

25 2501 [TGCC]8[TTCC]14[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]14 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

25 2502 [TGCC]7[TTCC]15[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]15 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

25 2503 [TGCC]6[TTCC]16[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]16 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

25 2504 [TGCC]9[TTCC]13[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]13 [GGCA]9   AAATGGCTTGGCCTTGCC CTC   

25 2505 [TGCC]5[TTCC]17[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]17 [GGCA]5   AAATGGCTTGGCCTTGCC CTC   

26 2601 [TGCC]8[TTCC]15[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]15 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

26 2602 [TGCC]7[TTCC]16[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]16 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

26 2603 [TGCC]6[TTCC]17[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]17 [GGCA]6   AAATGGCTTGGCCTTGCC CTC   

27 2701 [TGCC]7[TTCC]17[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]17 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

27 2702 [TGCC]8[TTCC]16[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]16 [GGCA]8   AAATGGCTTGGCCTTGCC CTC   

28 2801 [TGCC]7[TTCC]18[GTCC][TTCC]2  [GGAA]2 GGAC [GGAA]18 [GGCA]7   AAATGGCTTGGCCTTGCC CTC   

 
D3S1358 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

11 11 TCTA [TCTG]2 [TCTA]8      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

12 1201 TCTA [TCTG]1 [TCTA]10      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

12 1202 TCTA [TCTG]2 [TCTA]9      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

13 13 TCTA [TCTG]1 [TCTA]11      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

14 1401 TCTA TCTG [TCTA]12      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

14 1402 TCTA [TCTG]2 [TCTA]11      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

14 1403 TCTA [TCTG]3 [TCTA]10      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

15 1501 TCTA TCTG [TCTA]13      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

15 1502 TCTA [TCTG]2 [TCTA]12      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

15 1503 TCTA [TCTG]3 [TCTA]11      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

16 1601 TCTA TCTG [TCTA]14      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

16 1602 TCTA [TCTG]2 [TCTA]13      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

16 1603 TCTA [TCTG]3 [TCTA]12      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

16 1604 TCTA [TCTG]3 TCTA TCTG [TCTA]10      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

16 1605 TCTA [TCTG]4 [TCTA]11      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

16.2 16.2 TCTA [TCTG]3 TC [TCTA]12      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

17 1701 [TCTA]2 [TCTG]3 [TCTA]12      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

17 1702 TCTA TCTG [TCTA]15      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

17 1703 TCTA [TCTG]2 [TCTA]14      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

17 1704 TCTA [TCTG]2 TCTC [TCTA]13      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

17 1705a TCTA [TCTG]3 [TCTA]13      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   
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17 1705b TCTA [TCTG]3 [TCTA]13    rs1559501767 TTTGGGGGCATCTCTTATACTCATGAAATCAACAGATGCTTGCATGTA TGAGACAGGGTCTTGCTC   

17 1706 TCTA [TCTG]4 [TCTA]12      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

18 1801 TCTA [TCTG]1 [TCTA]16      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

18 1802 TCTA [TCTG]2 [TCTA]15      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

18 1803 TCTA [TCTG]3 [TCTA]14      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

18 1804 TCTA [TCTG]4 [TCTA]13      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

18 1805 TCTA [TCTG]2 TCTC [TCTA]14      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

18.2 18.2 TCTA [TCTG]3 TC [TCTA]14      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

19 1901 TCTA [TCTG]2 [TCTA]16      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

19 1902 TCTA [TCTG]3 [TCTA]15      TTTGGGGGCATCTCTTATACTCATGAAATCAACAGAGGCTTGCATGTA TGAGACAGGGTCTTGCTC   

 
D4S2408 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

7 7 [ATCT]7     CTATGC AATGGTTA   

8 8 [ATCT]8     CTATGC AATGGTTA   

9 901 [ATCT]9     CTATGC AATGGTTA   

9 902 ATCT GTCT [ATCT]7      CTATGC AATGGTTA   

10 1001 [ATCT]10     CTATGC AATGGTTA   

10 1002 ATCT GTCT [ATCT]8      CTATGC AATGGTTA   

11 11 [ATCT]11     CTATGC AATGGTTA   

12 1201 [ATCT]12     CTATGC AATGGTTA   

12 1202 [ATCT]8 CTCT [ATCT]3      CTATGC AATGGTTA   

12 1203 [ATCT]8 ATTT [ATCT]3      CTATGC AATGGTTA   

13 13 [ATCT]13     CTATGC AATGGTTA   

 
FGA 

Allele 
(LB) 

Allele 

(SB) 

Bracket (UAS) STRSeq Record Description   Left Flank Right Flank   

17 17 [TTTC]3[TTTT][TTCT][CTTT]9[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]9 AGAA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

18 18 [TTTC]3[TTTT][TTCT][CTTT]10[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]10 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

18.2 18.2 [TTTC]3[TTTT][TT][CTTT]11[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]11 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

19 19 [TTTC]3[TTTT][TTCT][CTTT]11[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]11 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

19.2 19.2 [TTTC]3[TTTT][TT][CTTT]12[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]12 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

20 20 [TTTC]3[TTTT][TTCT][CTTT]12[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]12 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   
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20.2 20.2 [TTTC]3[TTTT][TT][CTTT]13[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]13 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

21 21 [TTTC]3[TTTT][TTCT][CTTT]13[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]13 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

21.2 21.2 [TTTC]3[TTTT][TT][CTTT]14[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]14 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

22 22 [TTTC]3[TTTT][TTCT][CTTT]14[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]14 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

22.2 22.2 [TTTC]3[TTTT][TT][CTTT]15[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]15 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

23 23 [TTTC]3[TTTT][TTCT][CTTT]15[CTCC][TTCC]2 [GGAA]2 GGAG [AAAG]15 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

23.2 23.2 [TTTC]3[TTTT][TT][CTTT]16[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]16 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

23.3 23.3 [TTTC]3[TTTT][TTCT][CTTT]15[CTT][CTTT][CTCC][TTCC]2  [GGAA]2 GGAG AAAG AAG [AAAG]14 

AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

24 24 [TTTC]3[TTTT][TTCT][CTTT]16[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]16 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

24.2 24.2 [TTTC]3[TTTT][TT][CTTT]17[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]17 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

24.3 24.3 [TTTC]3[TTTT][TTCT][CTTT]15[CTT][CTTT][CTCC][TTCC]2  [GGAA]2 GGAG AAAG AAG [AAAG]15 

AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

25 25 [TTTC]3[TTTT][TTCT][CTTT]17[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]17 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

25.2 25.2 [TTTC]3[TTTT][TT][CTTT]18[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]18 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

26 2601 [TTTC]3[TTTT][TTCT][CTTT]12[CCTT][CTTT]5[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]5 AAGG 

[AAAG]12 AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

26 2602 [TTTC]3[TTTT][TTCT][CTTT]18[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]18 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

26 2603 [TTTC]3[TTTT][TTCT][CTTT]16[GTTT][CTTT][CTCC][TTCC]2  [GGAA]2 GGAG AAAG AAAC 

[AAAG]16 AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

26.2 26.2 [TTTC]3[TTTT][TT][CTTT]19[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]19 AA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

27 2701 [TTTC]3[TTTT][TTCT][CTTT]13[CCTT][CTTT]5[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]5 AAGG 

[AAAG]13 AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

27 2702 [TTTC]3[TTTT][TTCT][CTTT]19[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]19 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

28 2801 [TTTC]3[TTTT][TTCT][CTTT][CTCT][CTTT]18[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]18 AGAG 

AAAG AGAA AAAA [GAAA]4 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

28 2802 [TTTC]3[TTTT][TTCT][CTTT]20[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]20 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   
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28 2803 [TTTC]3[TTTT][TTCT][CTTT]14[CCTT][CTTT]5[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]5 AAGG 

[AAAG]14 AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

28 2804 [TTTC]3[TTTT][TTCT][CTTT]8[CTTC][CTTT]5[CCTT][CTTT]5[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]5 AAGG 

[AAAG]5 GAAG [AAAG]8 AGAA AAAA 

[GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

28 2805 [TTTC]3[TTTT][TTCT][CTTT]8[CTTC]2[CTTT]4[CCTT][CTTT]5[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]5 AAGG 

[AAAG]4 [GAAG]2 [AAAG]8 AGAA 

AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

29 29 [TTTC]3[TTTT][TTCT][CTTT]15[CCTT][CTTT]5[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]5 AAGG 

[AAAG]15 AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

30 30 [TTTC]3[TTTT][TTCT][CTTT]16[CCTT][CTTT]5[CTCC][TTCC]2  [GGAA]2 GGAG [AAAG]5 AAGG 

[AAAG]16 AGAA AAAA [GAAA]3 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

31.2 31.2 [TTTC]4[TTTT][TT][CTTT]15[CTTC]3[CTTT]3[CTCC][TTCC]4  [GGAA]4 GGAG [AAAG]3 [GAAG]3 

[AAAG]15 AA AAAA [GAAA]4 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

32.2 32.2 [TTTC]4[TTTT][TT][CTTT]16[CTTC]3[CTTT]3[CTCC][TTCC]4  [GGAA]4 GGAG [AAAG]3 [GAAG]3 

[AAAG]16 AA AAAA [GAAA]4 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

42.2 42.2 [TTTC]4[TTTT][TT][CTTT]11[CTGT]2[CTTT]13[CTTC]3[CTTT]3[CTCC][TTCC]4  [GGAA]4 GGAG [AAAG]3 [GAAG]3 

[AAAG]13 [ACAG]2 [AAAG]11 AA 

AAAA [GAAA]4 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

43.2 43.2 [TTTC]4[TTTT][TT][CTTT]9[CTGT]3[CTTT]15[CTTC]3[CTTT]3[CTCC][TTCC]4  [GGAA]4 GGAG [AAAG]3 [GAAG]3 

[AAAG]15 [ACAG]3 [AAAG]9 AA AAAA 

[GAAA]4 

  GCATATTTACAAGCTAG TTTCTTCCTTTCTTTTTTGCTGG   

 
D5S818 

Allele (LB) Allele (SB) Bracket (UAS) STRSeq Record Description   Left Flank Right Flank   

7 701 [AGAT]7[AGAG] [ATCT]7 rs25768   ATTTTGAAGAT GTATAAATA   

7 702 [AGAT]7[AGAT] [ATCT]7 rs73801920   ATTTTGAAGAT GTATAAATA   

8 8 [ATCT]8[AGAT] [ATCT]8 rs73801920 rs25768   ATTTTGAAGAT GTATAAATA   

9 901 [AGAT]9[AGAG] [ATCT]9 rs25768   ATTTTGAAGAT GTATAAATA   

9 902 [AGAT]9[AGAT] [ATCT]9 rs73801920 rs25768   ATTTTGAAGAT GTATAAATA   

10 1001 [AGAT]10[AGAG] [ATCT]10   ATTTTGAAGAT GTATAAATA   

10 1002 [AGAT]10[AGAT] [ATCT]10 rs73801920 rs25768   ATTTTGAAGAT GTATAAATA   

11 1101 [AGAT]11[AGAG] [ATCT]11   ATTTTGAAGAT GTATAAATA   

11 1102 [AGAT]11[AGAT] [ATCT]11 rs73801920 rs25768   ATTTTGAAGAT GTATAAATA   

11.1 11.1 AGAT T [AGAT]10[AGAT] [ATCT]10 A ATCT rs73801920   ATTTTGAAGAT GTATAAATA   

12 1201 [AGAT]12[AGAG] [ATCT]12   ATTTTGAAGAT GTATAAATA   

12 1202 [AGAT]12[AGAT] [ATCT]12 rs73801920 rs25768   ATTTTGAAGAT GTATAAATA   

12 1203 [AGAT]2 AAAT [AGAT]9[AGAT] [ATCT]9 ATTT [ATCT]2 rs73801920   ATTTTGAAGAT GTATAAATA   

13 1301 [AGAT]9 ACAT [AGAT]3[AGAG] [ATCT]3 ATGT [ATCT]9 rs25768   ATTTTGAAGAT GTATAAATA   

13 1302 [AGAT]13[AGAG] [ATCT]13   ATTTTGAAGAT GTATAAATA   

13 1303 [AGAT]13[AGAT] [ATCT]13 rs73801920 rs25768   ATTTTGAAGAT GTATAAATA   
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14 1401 [AGAT]14[AGAG] [ATCT]14   ATTTTGAAGAT GTATAAATA   

14 1402 [AGAT]14[AGAT] [ATCT]14 rs73801920 rs25768   ATTTTGAAGAT GTATAAATA   

15 1501 [AGAT]11 ACAT [AGAT]3[AGAG] [ATCT]3 ATGT [ATCT]11 rs25768   ATTTTGAAGAT GTATAAATA   

15 1502 [AGAT]15[AGAG] [ATCT]15   ATTTTGAAGAT GTATAAATA   

16 1601 [AGAT]12 ACAT [AGAT]3[AGAG] [ATCT]3 ATGT [ATCT]12   ATTTTGAAGAT GTATAAATA   

 
CSF1PO 

Allele (LB) Allele (SB) Bracket (UAS) STRSeq Record Description   Left Flank Right Flank   

6 6 [AGAT]6 [ATCT]6   AAGATAGATAGATT AGGAAG   

7 7 [AGAT]7 [ATCT]7   AAGATAGATAGATT AGGAAG   

8 8 [AGAT]8 [ATCT]8   AAGATAGATAGATT AGGAAG   

9 9 [AGAT]9 [ATCT]9   AAGATAGATAGATT AGGAAG   

10 10 [AGAT]10 [ATCT]10   AAGATAGATAGATT AGGAAG   

11 1101 [AGAT]11 [ATCT]11   AAGATAGATAGATT AGGAAG   

11 1102 [AGAT]3[ATAT][AGAT]7 [ATCT]7 ATAT [ATCT]3    AAGATAGATAGATT AGGAAG   

12 1201 [AGAT]12 [ATCT]12   AAGATAGATAGATT AGGAAG   

12 1202 [AGAT]6[AGAC][AGAT]5 [ATCT]5 GTCT [ATCT]6    AAGATAGATAGATT AGGAAG   

12 1203 [AGAT]7[AGAC][AGAT]4 [ATCT]4 GTCT [ATCT]7    AAGATAGATAGATT AGGAAG   

12 1204 [AGAT]8[ACCT][AGAT]3 [ATCT]8 ACCT [ATCT]3   AAGATAGATAGATT AGGAAG   

13 13 [AGAT]13 [ATCT]13   AAGATAGATAGATT AGGAAG   

14 14 [AGAT]14 [ATCT]14   AAGATAGATAGATT AGGAAG   

15 15 [AGAT]15 [ATCT]15   AAGATAGATAGATT AGGAAG   

 
D6S1043 

Allele 
(LB) 

Allele 

(SB) 

Bracket (UAS) STRSeq Record Description   Left Flank Right Flank   

9 9 [AGAT]9 [ATCT]9   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

10 10 [AGAT]10 [ATCT]10   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

11 11 [AGAT]11 [ATCT]11   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

12 1201a [AGAT]12 [ATCT]12   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

12 1201b [AGAT]12 [ATCT]12  rs529713981 GATCAATAGATTGATAGATT AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

12 1202 [AGAT]8 ACAT [AGAT]3  [ATCT]3 ATGT [ATCT]8   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

13 13 [AGAT]13 [ATCT]13   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 
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14 1401 [AGAT]12 ACAT AGAT  ATCT ATGT [ATCT]12   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

14 1402a [AGAT]14 [ATCT]14   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

14 1402b [AGAT]14 [ATCT]14    GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCTTACAATTATGGAAGCTGAGAAAT

TTCACAATATGCCATCT 

rs577490589 

15 1501 [AGAT]9 ACAT [AGAT]5  [ATCT]5 ATGT [ATCT]9   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

15 1502 [AGAT]15 [ATCT]15   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

15 1503 [AGAT]13 ACAT AGAT ATCT ATGT [ATCT]13   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

16 1601 [AGAT]10 ACAT [AGAT]5  [ATCT]5 ATGT [ATCT]10   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

16 1602 [AGAT]11 ACAT [AGAT]4  [ATCT]4 ATGT [ATCT]11   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

16 1603  [AGAT]14 ACAT AGAT ATCT ATGT [ATCT]14   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

17 1701 [AGAT]4 AGAC  [AGAT]6 

ACAT [AGAT]5 

[ATCT]5 ATGT [ATCT]6 GTCT 

[ATCT]4 

  GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

17 1702 [AGAT]11 ACAT [AGAT]5 [ATCT]5 ATGT [ATCT]11   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

18 18a [AGAT]12 ACAT [AGAT]5 [ATCT]5 ATGT [ATCT]12   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

18 18b [AGAT]12 ACAT [AGAT]5 [ATCT]5 ATGT [ATCT]12  rs529713981 GATCAATAGATTGATAGATT AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

19 1901 [AGAT]13 ACAT [AGAT]5  [ATCT]5 ATGT [ATCT]13   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

19 1902 [AGAT]12 ACAT [AGAT]6  [ATCT]6 ATGT [ATCT]12   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

20 2001 [AGAT]14 ACAT [AGAT]5 [ATCT]5 ATGT [ATCT]14   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

20 2002 [AGAT]13 ACAT [AGAT]6 [ATCT]6 ATGT [ATCT]13   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

21 2101 [AGAT]14 ACAT [AGAT]6  [ATCT]6 ATGT [ATCT]14   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

21 2102 [AGAT]15 ACAT [AGAT]5 [ATCT]5 ATGT [ATCT]15   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

21.3 21.3 [AGAT]13 GAT [AGAT]2 

ACAT [AGAT]5  

[ATCT]5 ATGT [ATCT]2 ATC 

[ATCT]13 

  GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

22 22 [AGAT]16 ACAT [AGAT]5 [ATCT]5 ATGT [ATCT]16   GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 
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23 23 [AGAT]11 ACAT [AGAT]4 

ACAT [AGAT]6 

[ATCT]6 ATGT [ATCT]4 ATGT 

[ATCT]11 

  GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

24 24 [AGAT]11 ACAT [AGAT]4 

ACAT [AGAT]7 

[ATCT]7 ATGT [ATCT]4 ATGT 

[ATCT]11 

  GATCAATAGATTGATAGATC AGGATTTATTATGGGAAGTGGCTCATACAATTATGGAAGCTGAGAAA

TTTCACAATATGCCATCT 

  

 
D7S820 

Allele 
(LB) 

Allele 

(SB) 

Bracket (UAS) STRSeq Record 

Description 

  Left Flank Right Flank   

6 6a [GATA]6 GACA GATT GATA GTTT [TATC]6    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

6.3 6.3 [GATA]7 GACA GATT GATA GTTT [TATC]7    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTT_ATCTCACTAAATA rs897512434 

7 7a [GATA]7 GACA GATT GATA GTTT [TATC]7    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

7 7b [GATA]7 GACA GATT GATA GTTT [TATC]7  rs16887642 ATAGTTTAGAATGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

8 8a [GATA]8 GACA GATT GATA GTTT [TATC]8    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

8 8b [GATA]8 GACA GATT GATA GTTT [TATC]8  rs16887642 ATAGTTTAGAATGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

8 8c [GATA]8 GACA GATT GATA GTTT [TATC]8   ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTAATCTCACTAAATA   

9 9a [GATA]9 GACA GATT GATA GTTT [TATC]9    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

9 9b [GATA]9 GACA GATT GATA GTTT [TATC]9  rs16887642 ATAGTTTAGAATGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

9 9c [GATA]9 GACA GATT GATA GTTT [TATC]9   ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTAATCTCACTAAATA   

9.2 9.2 [GATA]9 GACA GATT GA-- GTTT [TATC]10    ATAGTTTAGAACGAACTAAC GACAGATTGA--GTTTTTTTTTATCTCACTAAATA rs7789995, 

rs1259806300 

10 10a [GATA]10 GACA GATT GATA 

GTTT 

[TATC]10    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

10 10b [GATA]10 GACA GATT GATA 

GTTT 

[TATC]10  rs16887642 ATAGTTTAGAATGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

10 10c [GATA]10 GACA GATT GATA 

GTTT 

[TATC]10   ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTAATCTCACTAAATA   

10.1 10.101 A [GATA]10 GACA GATT GATA 

GTTT 

[TATC]10 T    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

10.1 10.102 [GATA]10 GACA GATT GATA 

GTTT 

[TATC]10    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTTATCTCACTAAATA rs7789995, 

rs1463708262 

11 1101a [GATA]11 GACA GATT GATA 

GTTT 

[TATC]11    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

11 1101b [GATA]11 GACA GATT GATA 

GTTT 

[TATC]11  rs16887642 ATAGTTTAGAATGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

11 1101c [GATA]11 GACA GATT GATA 

GTTT 

[TATC]11   ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTAATCTCACTAAATA   

11 1102a [GATA]3 GGTA [GATA]7 GACA 

GATT GATA GTTT 

TATC]7 TACC 

[TATC]3  

  ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

12 1201a [GATA]12 GACA GATT GATA 

GTTT 

[TATC]12    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 
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12 1201b [GATA]12 GACA GATT GATA 

GTTT 

[TATC]12  rs16887642 ATAGTTTAGAATGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

12 1201c [GATA]12 GACA GATT GATA 

GTTT 

[TATC]12   ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTAATCTCACTAAATA   

12 1202a [GATA]5 GACA [GATA]6 GACA 

GATT GATA GTTT 

[TATC]6 TGTC 

[TATC]5  

  ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

13 13a [GATA]13 GACA GATT GATA 

GTTT 

[TATC]13    ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTTATCTCACTAAATA rs7789995 

13 13c [GATA]13 GACA GATT GATA 

GTTT 

[TATC]13   ATAGTTTAGAACGAACTAAC GACAGATTGATAGTTTTTTTTAATCTCACTAAATA   

 
D8S1179 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

8 8 [TCTA]8      NA TTCCC   

9 9 [TCTA]9      NA TTCCC   

10 10 [TCTA]10      NA TTCCC   

11 1101 [TCTA]11      NA TTCCC   

11 1102 [TCTA]2 TCTG [TCTA]8      NA TTCCC   

11 1103 TCTA TCTG [TCTA]9      NA TTCCC   

12 1201 [TCTA]12      NA TTCCC   

12 1202 [TCTA]2 TCTG [TCTA]9      NA TTCCC   

12 1203 TCTA TCTG [TCTA]10      NA TTCCC   

13 1301 [TCTA]13      NA TTCCC   

13 1302 [TCTA]2 TCTG [TCTA]10      NA TTCCC   

13 1303 TCTA TCTG [TCTA]11      NA TTCCC   

14 1401 [TCTA]14      NA TTCCC   

14 1402 [TCTA]2 TCTG [TCTA]11      NA TTCCC   

14 1403 [TCTA]2 [TCTG]2 [TCTA]10      NA TTCCC   

14 1404 TCTA TCTG [TCTA]12      NA TTCCC   

14 1405 TCTA TCTG TGTA [TCTA]11      NA TTCCC   

15 1501 [TCTA]15      NA TTCCC   

15 1502 [TCTA]2 TCTG [TCTA]12      NA TTCCC   

15 1503 [TCTA]2 [TCTG]2 [TCTA]11      NA TTCCC   

15 1504 TCTA TCTG [TCTA]2 CCTA [TCTA]10      NA TTCCC   

15 1505 TCTA TCTG [TCTA]13      NA TTCCC   

15 1506 TCTA [TCTG]2 [TCTA]12      NA TTCCC   

15 1507 TCTA [TCTG]3 [TCTA]11      NA TTCCC   

16 1601 [TCTA]2 TCTG [TCTA]13      NA TTCCC   

16 1602 [TCTA]2 [TCTG]2 [TCTA]12      NA TTCCC   

16 1603 TCTA TCTG [TCTA]14      NA TTCCC   

17 1701 [TCTA]2 TCTG [TCTA]14      NA TTCCC   
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17 1702 [TCTA]2 [TCTG]2 [TCTA]13      NA TTCCC   

18 18 [TCTA]2 TCTG [TCTA]15      NA TTCCC   

 
D9S1122 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

7 7 TAGA TCGA [TAGA]5      AGATAACTGTAGATAGG TATTAAT   

9 901 [TAGA]9     AGATAACTGTAGATAGG TATTAAT   

9 902 TAGA TCGA [TAGA]7      AGATAACTGTAGATAGG TATTAAT   

10 1001 [TAGA]10     AGATAACTGTAGATAGG TATTAAT   

10 1002 TAGA TCGA [TAGA]8      AGATAACTGTAGATAGG TATTAAT   

11 1101 [TAGA]11     AGATAACTGTAGATAGG TATTAAT   

11 1102 TAGA TCGA [TAGA]9      AGATAACTGTAGATAGG TATTAAT   

12 1201 [TAGA]12     AGATAACTGTAGATAGG TATTAAT   

12 1202 TAGA TCGA [TAGA]10      AGATAACTGTAGATAGG TATTAAT   

13 1301 [TAGA]13     AGATAACTGTAGATAGG TATTAAT   

13 1302 TAGA TCGA [TAGA]11      AGATAACTGTAGATAGG TATTAAT   

13 1303 TAGA TCGATCGA [TAGA]10      AGATAACTGTAGATAGG TATTAAT   

14 1401 [TAGA]14     AGATAACTGTAGATAGG TATTAAT   

14 1402 TAGA TCGA [TAGA]12      AGATAACTGTAGATAGG TATTAAT   

15 1501 TAGA TCGA [TAGA]13      AGATAACTGTAGATAGG TATTAAT   

15 1502 TAGA TCGATCGA [TAGA]12     AGATAACTGTAGATAGG TATTAAT   

16 16 TAGA TCGA [TAGA]14      AGATAACTGTAGATAGG TATTAAT   

 
D10S1248 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

8 8 [GGAA]8     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

9 9 [GGAA]9     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

10 10 [GGAA]10     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

11 11 [GGAA]11     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

12 12 [GGAA]12     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

13 13 [GGAA]13     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

14 14 [GGAA]14     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

15 15 [GGAA]15     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

16 16 [GGAA]16     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

17 17 [GGAA]17     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

18 18 [GGAA]18     TTGAACAAATGAGTGAGT ATGAAGACAATACAACCAGAGTT   

 
TH01 

Allele (LB) Allele (SB) Bracket      Left Flank Right Flank   
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5 5 [AATG]5     TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

6 6 [AATG]6     TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

7 7a [AATG]7     TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

7 7b [AATG]7     TGCAGGTCACAGGGAACACAGACTCCATGGTG TGGGAAATAAGG rs1564921257 

8 8 [AATG]8     TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

9 901 [AATG]9     TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

9 902 AGTG [AATG]8      TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

9.3 9.3 [AATG]6 ATG [AATG]3      TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

10 10 [AATG]10     TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

10.3 10.3 [AATG]7 ATG [AATG]3      TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

11 11 [AATG]11     TGCAGGTCACAGGGAACACAGACTCCATGGTG AGGGAAATAAGG   

 
vWA 

Allele 
(LB) 

Allele 

(SB) 

Bracket (UAS) STRSeq Record Description   Left Flank Right Flank   

11 1101 [TCTA] [TCTG]3[TCTA]7TCCA TCTA [TAGA]7 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

12 1201 [TCTA] [TCTG]4[TCTA]7TCCA TCTA [TAGA]7 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

13 1301 [TCTA]2 [TCTG]4[TCTA]3[TCCA][TCTA]3 TCCA TCCA [TAGA]3 TGGA [TAGA]3 [CAGA]4 [TAGA]2    ATTGA TCCATCCATCCTATGTATT   

13 1302 [TCTA] [TCTG]4[TCTA]8TCCA TCTA [TAGA]8 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

13 1303b [TCTA] [TCTG]4[TCTA]8 TCTA TCTA  [TAGA]8 [CAGA]4 TAGA    ATTGA TCCATCTATCCTATGTATT rs771794429  

14 1401 [TCTA] [TCTG] [TCTA] [TCTG]4[TCTA]3[TCCA][TCTA]3 

TCCA TCCA  

[TAGA]3 TGGA [TAGA]3 [CAGA]4 TAGA CAGA TAGA    ATTGA TCCATCCATCCTATGTATT   

14 1402 [TCTA] [TCTG]3[TCTA]10 TCCA TCTA [TAGA]10 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

14 1403 [TCTA] [TCTG]4[TCTA]9 TCCA TCTA [TAGA]9 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

14 1404b [TCTA] [TCTG]4[TCTA]9 TCTA TCTA  [TAGA]9 [CAGA]4 TAGA    ATTGA TCCATCTATCCTATGTATT rs771794429  

15 1501 [TCTA] [TCTG] [TCTA] [TCTG]4[TCTA]3[TCCA] 

[TCTA]3[TCCA] TCCA TCCA  

TGGA [TAGA]3 TGGA [TAGA]3 [CAGA]4 TAGA CAGA 

TAGA  

  ATTGA TCCATCCATCCTATGTATT   

15 1502 [TCTA] [TCTG]3[TCTA]11 TCCA TCTA  [TAGA]11 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

15 1503 [TCTA] [TCTG]4[TCTA]10 TCCA TCTA  [TAGA]10 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

15 1504a [TCTA] [TCTG]4[TCTA]10 TCTA TCTA  [TAGA]10 [CAGA]4 TAGA    ATTGA TCCATCCATCCTATGTATT   

15 1504b [TCTA] [TCTG]4[TCTA]10 TCTA TCTA  [TAGA]10 [CAGA]4 TAGA    ATTGA TCCATCTATCCTATGTATT rs771794429  

15 1505 [TCTA] [TCTG]5[TCTA]9 TCCA TCTA  [TAGA]9 [CAGA]5 TAGA   ATTGA TCCATCCATCCTATGTATT   

15 1506 [TCTA] [TCTG]4[TCTA]3[TCTG][TCTA]6 TCCA TCTA  [TAGA]6 CAGA [TAGA]3 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

16 1601 [TCTA] [TCTG]3[TCTA]11[TCCA] TCCA TCTA  TGGA [TAGA]11 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

16 1602 [TCTA] [TCTG]3[TCTA]12 TCCA TCTA  [TAGA]12 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

16 1603 [TCTA] [TCTG]4[TCTA]7[CCTA][TCTA]3 TCCA TCTA  [TAGA]3 TAGG [TAGA]7 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

16 1604 [TCTA] [TCTG]4[TCTA]11 TCCA TCTA  [TAGA]11 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

16 1605 [TCTA] [TCTG]4[TCTA]11 TCTA TCTA  [TAGA]11 [CAGA]4 TAGA    ATTGA TCCATCCATCCTATGTATT   

17 1701 [TCTA] [TCTG]3[TCTA]13 TCCA TCTA  [TAGA]13 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

17 1702 [TCTA] [TCTG]4[TCTA]12 TCCA TCTA  [TAGA]12 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

17 1703 [TCTA] [TCTG]5[TCTA]11 TCCA TCTA  [TAGA]11 [CAGA]5 TAGA   ATTGA TCCATCCATCCTATGTATT   
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17 1704 [TCTG]4[TCTA]13 TCCA TCTA  [TAGA]13 [CAGA]4   ATTGA TCCATCCATCCTATGTATT   

17 1705 [TCTC][TCTG]4[TCTA]13 TCCA TCTA  [TAGA]13 [CAGA]3 GAGA   ATTGA TCCATCCATCCTATGTATT   

18 1801 [TCTA] [TCTG]3[TCTA]14 TCCA TCTA  [TAGA]14 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

18 1802 [TCTA] [TCTG]4[TCTA]13 GCCA TCTA  [TAGA]13 [CAGA]4 TAGA    ATTGA TCCATCCATCCTATGTATT   

18 1803 [TCTA] [TCTG]4[TCTA]13 TCCA TCTA  [TAGA]13 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

18 1804 [TCTA] [TCTG]5[TCTA]12 TCCA TCTA  [TAGA]12 [CAGA]5 TAGA   ATTGA TCCATCCATCCTATGTATT   

18 1805 [TCTA] [TCTG]6[TCTA]11 TCCA TCTA  [TAGA]11 [CAGA]6 TAGA   ATTGA TCCATCCATCCTATGTATT   

18 1806 [TCTA] [TCTG]4[TTTA][TCTA]12 TCCA TCTA  [TAGA]12 TAAA [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

18 1807 [TCTG]5[TCTA]13 TCCA TCTA  [TAGA]13 [CAGA]5   ATTGA TCCATCCATCCTATGTATT   

18 1808 [TCTG]4[TCTA]14 TCCA TCTA  [TAGA]14 [CAGA]4   ATTGA TCCATCCATCCTATGTATT   

19 1901 [TCTA] [TCTG]3[TCTA]15 TCCA TCTA  [TAGA]15 [CAGA]3 TAGA   ATTGA TCCATCCATCCTATGTATT   

19 1902 [TCTA] [TCTG]4[TCTA]14 TCCA TCTA  [TAGA]14 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

19 1903 [TCTA] [TCTG]5[TCTA]13 TCCA TCTA  [TAGA]13 [CAGA]5 TAGA   ATTGA TCCATCCATCCTATGTATT   

19 1905 [TCTA] [TCTG]6[TCTA]12 TCCA TCTA  [TAGA]12 [CAGA]6 TAGA   ATTGA TCCATCCATCCTATGTATT   

20 2001 [TCTA] [TCTG]4[TCTA]15 TCCA TCTA  [TAGA]15 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

20 2002 [TCTA] [TCTG]5[TCTA]14 TCCA TCTA  [TAGA]14 [CAGA]5 TAGA   ATTGA TCCATCCATCCTATGTATT   

20 2003 [TCTA] [TCTG]6[TCTA]13 TCCA TCTA  [TAGA]13 [CAGA]6 TAGA   ATTGA TCCATCCATCCTATGTATT   

21 2101 [TCTA] [TCTG]4[TCTA]16 TCCA TCTA  [TAGA]16 [CAGA]4 TAGA   ATTGA TCCATCCATCCTATGTATT   

21 2102 [TCTA] [TCTG]5[TCTA]15 TCCA TCTA  [TAGA]15 [CAGA]5 TAGA   ATTGA TCCATCCATCCTATGTATT   

21 2103 [TCTA] [TCTG]6[TCTA]14 TCCA TCTA  [TAGA]14 [CAGA]6 TAGA   ATTGA TCCATCCATCCTATGTATT   

 
D12S391 

Allele 
(LB) 

Allele 

(SB) 

Bracket     Left Flank Right Flank   

13 1301 [AGAT]7 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

14 1401 [AGAT]6 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

15 1501 [AGAT]8 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

15 1502 [AGAT]9 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

15.1 15.1 AGAT T [AGAT]7 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

16 1601 [AGAT]8 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

16 1602 [AGAT]9 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

16 1603 [AGAT]10 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 
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17 1701 [AGAT]9 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

17 1702a [AGAT]10 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

17 1702b [AGAT]10 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

17 1703 [AGAT]11 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

17 1704 [AGAT]12 [AGAC]4 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

17.1 17.1 AGAT T [AGAT]9 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

17.3 17.3 AGAT GAT [AGAT]8 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

18 1801 [AGAT]10 [AGAC]8      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

18 1802a [AGAT]10 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

18 1802b [AGAT]10 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

18 1803 [AGAT]11 [AGAC]7      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

18 1804 [AGAT]11 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

18 1805 [AGAT]12 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

18 1806 [AGAT]13 [AGAC]4 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

18.3 18.3 AGAT GAT [AGAT]9 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1900 AGAC [AGAT]11 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1901 [AGAT]9 [AGAC]9 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1902 [AGAT]10 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1903 [AGAT]11 [AGAC]8      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1904a [AGAT]11 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1904b [AGAT]11 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 
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19 1905a [AGAT]12 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1905b [AGAT]12 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

19 1906 [AGAT]13 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1907 [AGAT]10 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19 1908 AGGT [AGAT]11 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19.1 19.1 AGAT T [AGAT]11 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19.2 19.2 [AGAT]6 AT [AGAT]6 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

19.3 19.301 [AGAT]5 GAT [AGAT]7 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

19.3 19.303 AGAT GAT [AGAT]10 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2000 [AGAT]10 [AGAC]9 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2001 [AGAT]11 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2002 [AGAT]11 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2003 [AGAT]12 [AGAC]8      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2004a [AGAT]12 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2004b [AGAT]12 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

20 2005 [AGAT]13 [AGAC]7      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2006a [AGAT]13 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20 2006b [AGAT]13 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

20 2007 [AGAT]14 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20.1 20.1 AGAT T [AGAT]12 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

20.3 20.3 [AGAT]3 GAT [AGAT]10 [AGAC]6 AGAT     CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 
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21 2101 [AGAT]11 [AGAC]10      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2102 [AGAT]11 [AGAC]9 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2103 [AGAT]12 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2104 [AGAT]12 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2105 [AGAT]13 [AGAC]8      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2106 [AGAT]13 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2107 [AGAT]14 [AGAC]7      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2108 [AGAT]14 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 2109 [AGAT]14 [AGAC]5 [AGAT]2      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 21010 AGGT [AGAT]11 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21 21011 [AGAT]15 [AGAC]5 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

21.1 21.1 AGAT T [AGAT]13 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2201 [AGAT]11 [AGAC]10 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2202 [AGAT]12 [AGAC]10      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2203 [AGAT]12 [AGAC]9 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2204 [AGAT]13 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2205a [AGAT]13 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2205b [AGAT]13 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

22 2206 [AGAT]14 [AGAC]8      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2207 [AGAT]14 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2208 AGGT [AGAT]13 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 
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22 2209 AGGT [AGAT]12 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

22 2210 [AGAT]15 [AGAC]6 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2301 [AGAT]12 [AGAC]11     CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2302 [AGAT]12 [AGAC]10 AGAT     CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2303 [AGAT]13 [AGAC]10      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2304 [AGAT]13 [AGAC]9 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2305 [AGAT]14 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2306 [AGAT]14 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2307 [AGAT]15 [AGAC]8      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

23 2308 [AGAT]15 [AGAC]7 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

24 2401 [AGAT]14 [AGAC]10      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

24 2402 [AGAT]14 [AGAC]9 AGAT     CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

24 2403 [AGAT]15 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

24 2404a [AGAT]15 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

24 2404b [AGAT]15 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 

25 2500 [AGAT]14 [AGAC]10 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

25 2501 [AGAT]15 [AGAC]10      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

25 2502 [AGAT]15 [AGAC]9 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

25 2503 [AGAT]16 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

25 2504a [AGAT]16 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

25 2504b [AGAT]16 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCGAGGGACACTA 

rs138635218 
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25 2505 [AGAT]14 [AGAC]11      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

26 2601 [AGAT]16 [AGAC]10      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

26 2602 [AGAT]17 [AGAC]9      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

26 2603 [AGAT]12 [AGAC]13 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

28 28 AGGT [AGAT]18 [AGAC]8 AGAT      CAGAGAGAAAGAATCAACAGGATCAATGGATG

CATAGGT 

GAGAGGGGATTTATTAGAGGAATTAGCTCAAGTGATATGGAGGCTGA

AAAATCTCATGACAGTCCATCTGCAAGCTGGAGACCCAGGGACACTA 

  

 
D13S317 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

7 701 [TATC]7 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

7 702 [TATC]7 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

8 801 [TATC]8 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

9 901 [TATC]9 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

9 902 [TATC]9 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

9 903a [TATC]10 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTA----TCTTTCTGTCTGTCTTTTTGGG rs1442523705 

9 903b [TATC]10 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTT----CTGTCTTTTTGGG rs561167308 

10 1001 [TATC]10 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

10 1002a [TATC]10 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

10 1002b [TATC]10 [TATC][AATC]   rs73250432 TCTGACCCATCTAATGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

10 1003 [TATC]10 [TATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

11 1101 [TATC]11 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

11 1102a [TATC]11 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

11 1102b [TATC]11 [TATC][AATC]   rs73250432 TCTGACCCATCTAATGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

11 1102c [TATC]11 [TATC][AATC]   rs146621667 TCTGACCCATCTAACACCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

11 1103 [TATC]11 [TATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

11 1104 [TATC]8[TGTC][TATC]2 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

12 1200 [TATC]5[TAAC][TATC]6 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

12 1201 [TATC]12 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

12 1202a [TATC]12 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

12 1202b [TATC]12 [TATC][AATC]   rs73250432 TCTGACCCATCTAATGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

12 1202c [TATC]12 [TATC][AATC]   rs146621667 TCTGACCCATCTAACACCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

12 1203 [TATC]12 [TATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

12 1204 [TATC]7 TATT [TATC]4 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

13 1301 [TATC]13 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

13 1302 [TATC]13 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

14 1401 [TATC]14 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

14 1402 [TATC]14 [TATC][AATC]     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   
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15 1501 [TATC]15 [AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

28.2 28.2 [TATC]10 [AATC]2 * [TATC]7[AATC]2     TCTGACCCATCTAACGCCTATCTGTATTTACAAATACAT ATCTATCTATCTTTCTGTCTGTCTTTTTGGG   

    * ATCTATCTATCTTTCTGTCTGTCTTTTTGGGCTGCCTA  

 
Penta E 

Allele 
(LB) 

Allele 

(SB) 

Bracket (UAS) STRSeq Record Description   Left Flank Right Flank   

5 5 [AAAGA]5 [TCTTT]5   NA AAATTGTAAGGAGTTTTCT   

6 6 [AAAGA]6 [TCTTT]6   NA AAATTGTAAGGAGTTTTCT   

7 7 [AAAGA]7 [TCTTT]7   NA AAATTGTAAGGAGTTTTCT   

8 8 [AAAGA]8 [TCTTT]8   NA AAATTGTAAGGAGTTTTCT   

9 9 [AAAGA]9 [TCTTT]9   NA AAATTGTAAGGAGTTTTCT   

10 10 [AAAGA]10 [TCTTT]10   NA AAATTGTAAGGAGTTTTCT   

11 11 [AAAGA]11 [TCTTT]11   NA AAATTGTAAGGAGTTTTCT   

12 12 [AAAGA]12 [TCTTT]12   NA AAATTGTAAGGAGTTTTCT   

13 1301 [AAAGA]13 [TCTTT]13   NA AAATTGTAAGGAGTTTTCT   

13 1302 [AAAGA]12[AAATA] TATTT [TCTTT]12   NA AAATTGTAAGGAGTTTTCT   

14 14 [AAAGA]14 [TCTTT]14   NA AAATTGTAAGGAGTTTTCT   

15 1501 [AAAGA]15 [TCTTT]15   NA AAATTGTAAGGAGTTTTCT   

15 1502 [AAAGA]14[AAATA] TATTT [TCTTT]14   NA AAATTGTAAGGAGTTTTCT   

15.4 15.4 [AAAGA][AAGA][AAAGA]14 [TCTTT]14 CTTT TCTTT   NA AAATTGTAAGGAGTTTTCT   

16 1601 [AAAGA]16 [TCTTT]16   NA AAATTGTAAGGAGTTTTCT   

16 1602 [AAAGA]15[AAATA] TATTT [TCTTT]15   NA AAATTGTAAGGAGTTTTCT   

16.4 16.4 [AAGA][AAAGA]16 [TCTTT]16 TCTT   NA AAATTGTAAGGAGTTTTCT   

17 1701 [AAAGA]17 [TCTTT]17   NA AAATTGTAAGGAGTTTTCT   

17 1702 [AAAGA]16[AAATA] TATTT [TCTTT]16   NA AAATTGTAAGGAGTTTTCT   

18 18 [AAAGA]18 [TCTTT]18   NA AAATTGTAAGGAGTTTTCT   

18.4 18.4 [AAAGA]6[AAAA][AAAGA]12 [TCTTT]12 TTTT [TCTTT]6   NA AAATTGTAAGGAGTTTTCT   

19 19 [AAAGA]19 [TCTTT]19   NA AAATTGTAAGGAGTTTTCT   

20 20 [AAAGA]20 [TCTTT]20   NA AAATTGTAAGGAGTTTTCT   

21 21 [AAAGA]21 [TCTTT]21   NA AAATTGTAAGGAGTTTTCT   

22 22 [AAAGA]22 [TCTTT]22   NA AAATTGTAAGGAGTTTTCT   

23 23 [AAAGA]23 [TCTTT]23   NA AAATTGTAAGGAGTTTTCT   

 
D16S539 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

8 8a [GATA]8     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

8 8b [GATA]8   rs563997442 TCCTCTTCCCTAGATCAATACAGACAGAGAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

8 8c [GATA]8     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

9 9a [GATA]9     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   
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9 9b [GATA]9     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

9 9c [GATA]9   rs555136289 TCCTCTACCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

10 1001a [GATA]10     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

10 1001b [GATA]10     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

10 1001c [GATA]10   rs555136289 TCCTCTACCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

10 1002 [GATA]3 GATTGATT 

[GATA]5  

    TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

11 1101a [GATA]11     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

11 1101b [GATA]11     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

11 1101c [GATA]11     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGACAC rs114697632 

11 1103 [GATA]5 GACA [GATA]5      TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

12 12a [GATA]12     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

12 12b [GATA]12     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

12 12c [GATA]12     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGACAC rs114697632 

13 13a [GATA]13     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

13 13b [GATA]13     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

14 14 [GATA]14     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

15 15 [GATA]15     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

16 16a [GATA]16     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAAACAGAGATGGATGATAGATAC   

16 16b [GATA]16     TCCTCTTCCCTAGATCAATACAGACAGACAGACAGGTG TCATTGAAAGACAAACCAGAGATGGATGATAGATAC rs11642858 

 
D17S1301 

Allele (LB) Allele (SB) Bracket     Left Flank Right Flank   

7 7 [AGAT]7     ATATGTGTG CCATCATAGGAATTTT   

8 8 [AGAT]8     ATATGTGTG CCATCATAGGAATTTT   

9 9 [AGAT]9     ATATGTGTG CCATCATAGGAATTTT   

10 10 [AGAT]10     ATATGTGTG CCATCATAGGAATTTT   

11 1101 [AGAT]11     ATATGTGTG CCATCATAGGAATTTT   

11 1102 [AGAT]10 CGAT     ATATGTGTG CCATCATAGGAATTTT   

11.3 11.3 [AGAT]8 GAT [AGAT]3      ATATGTGTG CCATCATAGGAATTTT   

12 1201 [AGAT]12     ATATGTGTG CCATCATAGGAATTTT   

12 1202 [AGAT]11 CGAT     ATATGTGTG CCATCATAGGAATTTT   

13 1301 [AGAT]13     ATATGTGTG CCATCATAGGAATTTT   

13 1302 [AGAT]2 ACAT [AGAT]10      ATATGTGTG CCATCATAGGAATTTT   

14 14 [AGAT]14     ATATGTGTG CCATCATAGGAATTTT   

15 15 [AGAT]15     ATATGTGTG CCATCATAGGAATTTT   

 
D18S51 

Allele 
(LB) 

Allele 

(SB) 

Bracket     Left Flank Right Flank   
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10 10 [AGAA]10 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

11 11 [AGAA]11 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

12 12 [AGAA]12 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

12.2 12.2 [AGAA]12 AG [AGAG]2 AG     GTCTC AGAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA rs535823682 

13 1301 [AGAA]13 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

13 1302 AGAA AGCA [AGAA]11 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

13.2 13.2 [AGAA]13 AG  [AGAG]2 AG     GTCTC AGAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA rs535823682 

14 1401 [AGAA]14 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

14 1402 AGAA AGCA [AGAA]12 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

15 15 [AGAA]15 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

15.2 15.2 [AGAA]15 AG [AGAG]2 AG     GTCTC AGAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA rs535823682 

16 16 [AGAA]16 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

16.2 16.2 [AGAA]16 AG [AGAG]2 AG     GTCTC AGAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA rs535823682 

17 17a [AGAA]17 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

17 17b [AGAA]17 [AGAG]2 AG     GTCTC AGAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA rs535823682 

17 17c [AGAA]17 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAGCTGTTATTGTAAGA rs141950432 

17.2 17.2 [AGAA]17 AG [AGAG]2 AG     GTCTC AGAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA rs535823682 

18 18a [AGAA]18 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

18 18b [AGAA]18 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAGCTGTTATTGTAAGA rs141950432 

18.1 18.1 [AGAA]14[AAAG][AGAG]AG[GAA][AGAA] AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA 

 

18.2 18.2 [AGAA]18 AG [AGAG]2 AG     GTCTC AGAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA rs535823682 

19 19 [AGAA]19 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

20 20 [AGAA]20 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

20.2 20.2 [AGAA]19 AG AGAA  AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

21 21 [AGAA]21 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

22 22 [AGAA]22 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

23 23 [AGAA]23 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

24 24 [AGAA]24 AAAG AGAG AG     GTCTC AAAGAGAGAGGAAAGAAAGAGAAAAAGAAAAGAAATAGTAGCAACTGTTATTGTAAGA   

 
 
 
 
 

D19S433 

Allele 
(LB) 

Allele 

(SB) 

Bracket (UAS) STRSeq Record 

Description 

  Left Flank Right Flank   

4 4 [AAGG][AAAG][AAGG][TAGG][AAGG]2 

AGAG AGGA AGAA AGAG AG 

[CCTT]2 ccta CCTT 

cttt CCTT  

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   
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8 8 [AAGG][AAAG][AAGG][TAGG][AAGG]6 

AGAG AGGA AGAA AGAG AG 

[CCTT]6 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

9 9 [AAGG][AAAG][AAGG][TAGG][AAGG]7 

AGAG AGGA AGAA AGAG AG 

[CCTT]7 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

10 10 [AAGG][AAAG][AAGG][TAGG][AAGG]8 

AGAG AGGA AGAA AGAG AG 

[CCTT]8 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

11 11 [AAGG][AAAG][AAGG][TAGG][AAGG]9 

AGAG AGGA AGAA AGAG AG 

[CCTT]9 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

11.2 11.2 [AAGG][AA][AAGG][TAGG][AAGG]10 

AGAG AGGA AGAA AGAG AG 

[CCTT]10 ccta CCTT 

tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

12 12 [AAGG][AAAG][AAGG][TAGG][AAGG]10 

AGAG AGGA AGAA AGAG AG 

[CCTT]10 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

12.1 12.1 [AAGG][AAAG][AAGG][TAGG][AAGG]5A

[AAGG]5 AGAG AGGA AGAA AGAG AG 

[CCTT]5 T [CCTT]5 

ccta CCTT cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

12.2 12.201 [AAGG][AA][AAGG][TAGG][AAGG]11 

AGAG AGGA AGAA AGAG AG 

[CCTT]11 ccta CCTT 

tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

12.2 12.202 [AAGG][AA][AAGG][TAGG][AAGG]6[AG

GG][AAGG]4 AGAG AGGA AGAA AGAG 

AG 

[CCTT]4 CCCT 

[CCTT]6 ccta CCTT tt 

CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

13 1301 [AAGG][AAAG][AAGG][TAGG][AAGG]11 

AGAG AGGA AGAA AGAG AG 

[CCTT]11 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

13 1302 [AAGG][AAAG][AAGG][TAGG][AAGG]5[

AAAG][AAGG]5 AGAG AGGA AGAA 

AGAG AG 

[CCTT]5 CTTT 

[CCTT]5 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

13.2 13.201 [AAGG][AA][AAGG][TAGG][AAGG]12 

AGAG AGGA AGAA AGAG AG 

[CCTT]12 ccta CCTT 

tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

13.2 13.202 [AAGG][AAAG][AAGG][TAGG][AAGG]12 

AGAG --GA AGAA AGAG AG 

[CCTT]12 ccta CCTT 

cttt CCTT  

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAG--GAAGAAAGAGAGAAGATTTTTATT rs745607776 

14 1401a [AAGG][AAAG][AAGG][TAGG][AAGG]12 

AGAG AGGA AGAA AGAG AG 

[CCTT]12 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

14 1401b [AAGG][AAAG][AAGG][TAGG][AAGG]12 

AGAG AGGA AGAA AGAG AG 

[CCTT]12 ccta CCTT 

cttt CCTT  

rs533519464 AGCCATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

14 1402 [AAGG][AAAG][AAGG]14 AGAG AGGA 

AGAA AGAG AG 

[CCTT]12 cctt CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

14.2 14.2 [AAGG][AA][AAGG][TAGG][AAGG]13 

AGAG AGGA AGAA AGAG AG 

[CCTT]13 ccta CCTT 

tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

15 15 [AAGG][AAAG][AAGG][TAGG][AAGG]13 

AGAG AGGA AGAA AGAG AG 

[CCTT]13 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

15.2 15.2 [AAGG][AA][AAGG][TAGG][AAGG]14 

AGAG AGGA AGAA AGAG AG 

[CCTT]14 ccta CCTT 

tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   
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15.3 15.3 [AAGG][AAAG][AAGG][TAGG][AAGG]8[

AAG][AAGG]5 AGAG AGGA AGAA AGAG 

AG 

[CCTT]5 CTT [CCTT]8 

ccta CCTT cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

16 16 [AAGG][AAAG][AAGG][TAGG][AAGG]14 

AGAG AGGA AGAA AGAG AG 

[CCTT]14 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

16.2 16.201 [AAGG][AA][AAGG][TAGG][AAGG]15 

AGAG AGGA AGAA AGAG AG 

[CCTT]15 ccta CCTT 

tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

16.2 16.202 [AAGG][AA][AAGG][TAGG]AAAG][AAGG

]14 AGAG AGGA AGAA AGAG AG 

[CCTT]14 CTTT ccta 

CCTT tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

17 17 [AAGG][AAAG][AAGG][TAGG][AAGG]15 

AGAG AGGA AGAA AGAG AG 

[CCTT]15 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

17.2 17.2 [AAGG][AA][AAGG][TAGG][AAGG]16 

AGAG AGGA AGAA AGAG AG 

[CCTT]16 ccta CCTT 

tt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

18 18 [AAGG][AAAG][AAGG][TAGG][AAGG]16 

AGAG AGGA AGAA AGAG AG 

[CCTT]16 ccta CCTT 

cttt CCTT 

  AGCTATAATTGTACCACTGCACTCCAGCCTG

GGCAACAGAATAAGATTCTGTTGA 

AGAGAGGAAGAAAGAGAGAAGATTTTTATT   

 
D20S482 

Allele 
(LB) 

Allele 

(SB) 

Bracket     Left Flank Right Flank   

9 9 [AGAT]9     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

10 10a [AGAT]10     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

10 10b [AGAT]10   rs77560248 AGACACTGAACCAATAAGAGAT TTATTATAGGAATTGATT   

11 11 [AGAT]11     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

12 12a [AGAT]12     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

12 12b [AGAT]12   rs77560248 AGACACTGAACCAATAAGAGAT TTATTATAGGAATTGATT   

13 1301a [AGAT]13     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

13 1301b [AGAT]13   rs77560248 AGACACTGAACCAATAAGAGAT TTATTATAGGAATTGATT   

13 1302 [AGAT]12 AGCT     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

14 14a [AGAT]14     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

14 14b [AGAT]14   rs77560248 AGACACTGAACCAATAAGAGAT TTATTATAGGAATTGATT   

15 15a [AGAT]15     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

15 15b [AGAT]15   rs77560248 AGACACTGAACCAATAAGAGAT TTATTATAGGAATTGATT   

16 1601a [AGAT]16     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

16 1601b [AGAT]16   rs77560248 AGACACTGAACCAATAAGAGAT TTATTATAGGAATTGATT   

16 1602 ACAT [AGAT]15     AGACACCGAACCAATAAGACAT TTATTATAGGAATTGATT   

17 17 [AGAT]17     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

19 19 [AGAT]19     AGACACCGAACCAATAAGAGAT TTATTATAGGAATTGATT   

 
D21S11 
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Allele 
(LB) 

Allele 

(SB) 

Bracket     Left Flank Right Flank   

24.3 24.3 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CT------   

26 2601 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]8      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

26 2602 [TCTA]4 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

27 2701 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]8      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

27 2702 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

27 2703 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

27 2704 [TCTA]4 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

28 2801 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

28 2802 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]2 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

28 2803 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

28 2804 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

28.2 28.2 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]8 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2901 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2902 [TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2903 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]2 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2904 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2905 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2906 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2907 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2908 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]4 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29 2909 [TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29.2 29.201 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA [TCTA]2 TCCATA [TCTA]10 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

29.2 29.202 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]9 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3001 [TCTA]7 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3002 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3003 [TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3004 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3005 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3006 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3007 [TCTA]4 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30 3008 [TCTA]2 TATA [TCTA]3 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30.2 30.201 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30.2 30.202 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA [TCTA]2 TCCATA [TCTA]11 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30.2 30.203 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

30.3 30.3 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]5 TCA [TCTA]6      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31 3101 [TCTA]8 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31 3102 [TCTA]7 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31 3103 [TCTA]7 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31 3104 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   
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31 3105 [TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31 3106 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31 3107 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31 3108 [TCTA]2 TATA [TCTA]3 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31.2 31.201 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31.2 31.202 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]2 TCA [TCTA]2 TCCATA [TCTA]12 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31.2 31.203 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

31.2 31.204 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3201 [TCTA]8 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3202 [TCTA]7 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3203 [TCTA]7 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3204 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3205 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3206 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]14      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3207 [TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32 3208 [TCTA]10 [TCTG]4 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32.2 32.201 [TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32.2 32.202 [TCTA]5 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32.2 32.203 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32.2 32.204 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]4 TCA [TCTA]2 TCCATA [TCTA]11 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32.2 32.205 [TCTA]5 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

32.2 32.206 [TCTA]4 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

33 3301 [TCTA]6 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]14      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

33.2 33.201 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

33.2 33.202 [TCTA]6 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

33.2 33.203 [TCTA]5 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

34 3401 [TCTA]10 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

34 3402 [TCTA]9 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

34 3403 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11 TA [TCTA]2 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

34 3404 [TCTA]11 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

34 3405 [TCTA]8 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

34.2 34.201 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]14 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

35 3501 [TCTA]10 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]12      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

35 3502 [TCTA]10 [TCTG]7 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

35 3503 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]8 TCA [TCTA]3 TCA [TCTA]2 

TA TCTA  

    AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

35 3504 [TCTA]12 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]10      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

35 3505 [TCTA]11 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

36 3601 [TCTA]10 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

36 3602 [TCTA]5 [TCTG]6 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13 TA [TCTA]2 TA TCTA      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

37 3701 [TCTA]12 [TCTG]7 [TCTA]2 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]11      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   
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37 3702 [TCTA]11 [TCTG]5 [TCTA]3 TA [TCTA]3 TCA [TCTA]2 TCCATA [TCTA]13      AAATATGTGAGTCAATTCCCCAAGTGAATTGCCT CTATCTAT   

  
Penta D 

Allele 
(LB) 

Allele 

(SB) 

Bracket     Left Flank Right Flank   

2.2 2.2 [AAAGA]5    rs1190908807 AGTAGGATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACAC

CACTACACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAG--------  

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTT----- 

  

3.2 3.2 [AAAGA]6    rs1190908807 AGTAGGATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACAC

CACTACACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAG--------  

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTT----- 

  

5 5 [AAAGA]5      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

6 6 [AAAGA]6      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

7 7 [AAAGA]7      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

8 8a [AAAGA]8      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

8 8c [AAAGA]8      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAGACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

rs186259515 

9 9a [AAAGA]9      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

9 9e [AAAGA]9    ss3798736957 GACCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

9 9f [AAAGA]9    rs927345580  GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACACAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

10 10a [AAAGA]10      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

10 10c [AAAGA]10      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAGACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

rs186259515 

11 11a [AAAGA]11      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

11 11c [AAAGA]11      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAGACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

rs186259515 

12 1201a [AAAGA]12      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

12 1201b [AAAGA]12    rs181880885 GATCACTTGAGCCTGGAAGGCCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

12 1201c [AAAGA]12      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAGACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

rs186259515 

12 1202 [AAAGA]11 

AAAGG 

    GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  



 130 

13 13a [AAAGA]13      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

13 13b [AAAGA]13    rs181880885 GATCACTTGAGCCTGGAAGGCCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

13 13c [AAAGA]13      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAGACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

rs186259515 

14 14a [AAAGA]14      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

14 14b [AAAGA]14    rs181880885 GATCACTTGAGCCTGGAAGGCCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

15 15a [AAAGA]15      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

15 15c [AAAGA]15      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAGACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

rs186259515 

16 16 [AAAGA]16      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

17 17a [AAAGA]17      GATCACTTGAGCCTGGAAGGTCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

17 17b [AAAGA]17    rs181880885 GATCACTTGAGCCTGGAAGGCCGAAGCTGAAGTGAGCCATGATCACACCACTAC

ACTCCAGCCTAGGTGACAGAGCAAGACACCATCTCAAGAAAGAAAAAAAAG 

AAAAACGAAGGGGAAAAAAAGAGAATCATAAACATAAATGTAA

AATTTCTCAA 

  

The 2.2 and 3.2 alleles have a bracket annotation that matches a 5 or 6 allele but have a large deletion in FR. 

The UAS left flanking sequence is shifted for the 2.2. and 3.2 alleles, giving an additional 5 bp on the left flank (assumed to be part of the primer sequence), and missing 5bp on the right flank. 

 
 

 

 

 

 

 

 



4. POPULATION DATABASES AND ASSESSMENT OF 

FLANKING REGION POWER  

4.1. Sample selection 

Following initial analysis in the Universal Analysis Software (UAS), 1018 samples from 

five different population groups were taken forward for concordance analysis and 

sequence characterisation in the previous chapter. Although all samples were initially 

selected on the basis that they were from unrelated individuals, an additional check for 

any genetic relatedness was performed prior to frequency generation as described in 

the materials and methods chapter of this thesis. In brief, the blind search function of 

the Familias software [186, 187] was used to search for specified relationships between 

all individuals within each population group. Pair-wise comparisons were carried out 

between each individual against all other individuals within the dataset to calculate a 

likelihood ratio (LR) for a selected relationship (e.g. parent-child, full-siblings, half-

siblings) against an unrelated hypothesis. This search was carried out using STR 

genotypes and an LR threshold of 100 was used as cut-off for all tested relationships. 

Pairs obtaining LR values under this threshold were presumed to be unrelated, whereas 

pairs above this threshold were further investigated using available identity informative 

SNP genotypes. Any pairs still with an LR of 100 for a selected relationship when 

including SNP data were considered to be related and one sample from the pair was 

removed from the dataset. 

A total of 29 samples were found to be related to another sample within the dataset 

and were therefore removed from any future analysis and frequency generation. 

Samples were initially obtained from individuals undergoing relationship testing who 

gave consent for their samples to be used for research, and although everything was 

done to avoid selecting related samples in the first instance, individuals tested across 

different cases were not immediately assumed to be related. For example, if two 

individuals came in requesting a sibling test, only one sample would have been taken 

forward for this research. If the other individual returned a year later requesting a cousin 

test with another person, they would not always flag as related to the initial sample. 

Genotypes for 989 samples were used to generate sequence-base allelic frequencies 
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from the following five population groups: White British (n=207), British Chinese 

(n=193), North East African (n=198), South Asian (n=189) and West African (n=202). 

4.2. Population databases 

The transition from the current CE method to massively parallel sequencing of 

autosomal STRs leads to a more discriminating marker system, as demonstrated by the 

extensive increase in the number of alleles observed at certain loci discussed in the 

previous chapter. This is expected to result in more powerful match statistics and a 

greater ability to differentiate individuals, which first requires the generation of 

population databases. Population databases are used for the statistical evaluation of 

DNA profiles and contain allelic frequencies for a set of given markers. These databases 

are normally composed of a set number of samples extracted from unrelated 

individuals, from laboratory or country- relevant population groups. To make use of the 

variation observed through the sequencing of STRs, new databases must be generated, 

containing allelic frequencies for sequence-based alleles rather than length-based ones 

alone. Several laboratories have characterised sequence variation of autosomal STRs, 

and provided frequencies for the observed sequence-based variants, but there is still a 

lack of population diversity in the data available, with most publications focussing on 

European and American – relevant populations [60, 62-64, 74, 98, 212]. In terms of the 

UK, there is a lack of frequency data for the South Asian and North East African 

populations especially.  

4.2.1. Sequence-based allelic frequencies 

Sequence-based allelic frequencies were generated using Arlequin software [188] as 
described in the materials and methods chapter of this thesis, and the frequencies for 
the 26 loci targeted for the five population groups are provided in Table 4.1. This table 
refers to the length-based allelic designation, and short sequence-based designator for 
all alleles observed within this work and characterised in the previous chapter. Full fasta 
sequences, flanking region SNPs and a breakdown of the repeat region sequences are 
provided in Table 3.5, and in the supplementary materials of Devesse et al. [217] 
(Appendix II). For some markers, as previously discussed, UAS output includes a small 
portion of the directly adjacent flanking region (“short flank” at D1S1656, D5S818, 
D7S820, vWA, D13S317, D18S51, and D19S433). These regions were included in grey in 
the bracket annotation corresponding to the UAS output. UAS also reports the following 
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markers on the reverse strand: D1S1656, D2S1338, FGA, D5S818, CSF1PO D6S1043, 
D7S820, vWA, Penta E, and D19S433. Because current guidelines recommend reporting 
all sequences on the forward strand, for these markers the bracket annotation is given 
to correlate with both UAS and STRSeq [135, 139, 184]. All loci were found not to deviate 
significantly from Hardy Weinberg equilibrium (HWE) following a Bonferroni correction 
for multiple testing, as shown in  

Table 4.2.  

Table 4.1: Allelic frequencies for all sequence-based alleles observed 

For each STR locus, the length-based (LB) and sequence-based (SB) allelic designations 

are given, as well as the calculated frequencies of all alleles in each of the 5 populations 

studied. 
D1S1656 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

7 701    0.003  

8 801   0.005 0.034  

9 901    0.005  

10 1001   0.003 0.005 0.007 

10 1002 0.002     

11 1101 0.087 0.067 0.013 0.169 0.031 

11 1102   0.005  0.014 

12 1201 0.049 0.028 0.008 0.061 0.051 

12 1202 0.089 0.021 0.023 0.016 0.026 

13 1301 0.024 0.049 0.061 0.081 0.131 

13 1302 0.022 0.049 0.013 0.014 0.055 

13 1303 0.002   0.014  

14 1401 0.002 0.016 0.051 0.016 0.037 

14 1402 0.072 0.059 0.149 0.066 0.191 

14 1403    0.003  

14.3 14.301   0.008  0.010 

14.3 14.302 0.002     

15 1501 0.003  0.008   

15 1502 0.010 0.006 0.076 0.011 0.055 

15 1503 0.110 0.331 0.134 0.167 0.123 

15.3 15.301 0.029 0.003 0.035 0.013 0.012 

15.3 15.302 0.043   0.003  

15.3 15.303   0.005   

16 1601 0.012  0.003 0.005  

16 1602 0.002  0.010  0.022 

16 1603 0.084 0.194 0.104 0.159 0.077 

16.1 16.1  0.003    

16.3 16.3 0.070 0.008 0.172 0.029 0.094 

17 1701a 0.060 0.073 0.040 0.058 0.012 

17 1701b    0.003  

17 1702   0.003 0.005  

17.3 17.3 0.147 0.065 0.030 0.037 0.032 

18 1801     0.002 

18 1802 0.005 0.005 0.005 0.008 0.002 

18.3 18.3 0.058 0.023 0.030 0.013 0.012 

19.3 19.3 0.010  0.008 0.003  

20.3 20.3 0.002  0.003  0.002 

 

TPOX 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

6 6   0.005  0.097 

7 7    0.003 0.022 

8 8 0.543 0.596 0.381 0.399 0.300 

9 9 0.075 0.119 0.237 0.164 0.245 

10 10 0.048 0.029 0.119 0.087 0.097 
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11 11 0.283 0.238 0.247 0.291 0.228 

12 12 0.051 0.018 0.010 0.050 0.012 

13 13    0.003  

14 14    0.003  

 

D2S441 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

7 7  0.003    

8 8     0.002 

9 9a 0.002  0.005  0.002 

9 9b    0.003  

9.1 9.1  0.036    

10 1001a 0.056 0.065 0.035 0.032 0.052 

10 1001b 0.002 0.057 0.008 0.042  

10 1002 0.138 0.132 0.005 0.217 0.002 

11 1101a 0.275 0.279 0.174 0.349 0.297 

11 1101b 0.042 0.013 0.033 0.019  

11 1102 0.012 0.021 0.025 0.019 0.077 

11.3 11.301 0.060 0.078 0.116 0.042 0.042 

11.3 11.302     0.005 

12 1201 0.014 0.168 0.088 0.048 0.161 

12 1202 0.002 0.005 0.005  0.007 

12 1203 0.002  0.005  0.002 

12.3 12.301 0.005   0.005 0.010 

12.3 12.302   0.003   

13 1301 0.002 0.021 0.005  0.005 

13 1302 0.043  0.071 0.021 0.030 

13 1303   0.005   

13.3 13.3     0.002 

14 1401     0.002 

14 1402 0.292 0.106 0.346 0.172 0.285 

14 1403   0.005  0.002 

15 15 0.051 0.016 0.056 0.026 0.012 

16 1601   0.008 0.005  

16 1602   0.003   

 

D2S1338 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

14 14 0.002  0.030   

16 1601  0.008    

16 1602 0.041  0.043 0.003 0.005 

16 1603 0.002    0.005 

16 1604 0.002  0.003  0.042 

17 1701 0.205 0.078 0.159 0.048 0.069 

17 1702   0.008 0.008 0.007 

17 1703     0.005 

17 1704     0.002 

18 1801 0.041 0.062 0.020 0.063 0.002 

18 1802 0.060 0.034 0.028 0.042 0.020 

18 1803     0.005 

18 1804   0.003 0.045 0.002 

18 1805   0.003  0.002 

18 1806   0.003   

18 1807   0.003   

19 1901 0.002 0.008  0.008  

19 1902 0.092 0.194 0.086 0.095 0.072 

19 1903   0.093  0.015 

19 1904 0.019 0.010 0.066 0.019 0.077 

19 1905    0.013 0.007 

19 1906    0.003  

19 1907    0.003  

19 1908   0.003   

19 1909   0.010   

20 2001 0.007   0.003 0.002 

20 2002  0.005 0.020 0.003 0.010 

20 2003 0.022 0.003 0.013 0.029 0.002 

20 2004 0.109 0.080 0.051 0.058 0.054 

20 2005  0.010  0.003 0.002 

20 2006     0.005 

20 2007 0.002 0.003 0.033 0.019 0.012 
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20 2008   0.035  0.002 

20 2009   0.003   

21 2100 0.002     

21 2101  0.003 0.008 0.011 0.012 

21 2102 0.012 0.003 0.003 0.024 0.054 

21 2103 0.022 0.026  0.011 0.030 

21 2104  0.003    

21 2105   0.003  0.032 

21 2106  0.005 0.005 0.011  

21 2107    0.003  

21 2108     0.002 

21 2109   0.005  0.002 

21 2110   0.003   

22 2201   0.015  0.005 

22 2202     0.002 

22 2203    0.003 0.010 

22 2204 0.039 0.016 0.051 0.034 0.064 

22 2205 0.002  0.003 0.005 0.020 

22 2206 0.002 0.018 0.053 0.024 0.035 

22 2207  0.003    

22 2208  0.003    

22 2209   0.003   

23 2301   0.005  0.012 

23 2302 0.002 0.003   0.002 

23 2303 0.087 0.153 0.051 0.183 0.087 

23 2304     0.005 

23 2305 0.002 0.036 0.015 0.008 0.015 

23 2306  0.008    

23 2307  0.003    

23 2308   0.005   

23 2309   0.003   

24 2401     0.010 

24 2402 0.010 0.003 0.003 0.008 0.005 

24 2403 0.094 0.124 0.038 0.074 0.064 

24 2404 0.005 0.023 0.005 0.024 0.007 

24 2405  0.003    

24 2406    0.003  

24 2407     0.002 

25 2501 0.005  0.003 0.019 0.002 

25 2502 0.089 0.036 0.008 0.071 0.052 

25 2503  0.023  0.008 0.002 

25 2504    0.003  

25 2505     0.002 

26 2601 0.002 0.003 0.003 0.005 0.005 

26 2602 0.014 0.008  0.005 0.022 

26 2603  0.003 0.003   

27 2701 0.002     

27 2702    0.003  

28 2801     0.002 

 

D3S1358 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

11 11 0.005  0.005   

12 1201     0.010 

12 1202  0.005  0.003  

13 13 0.002  0.003  0.002 

14 1401 0.002  0.035 0.003 0.069 

14 1402 0.121 0.026 0.015 0.050 0.047 

14 1403    0.003  

15 1501 0.027 0.005 0.124 0.063 0.186 

15 1502 0.215 0.342 0.141 0.225 0.099 

15 1503 0.007  0.005 0.011 0.022 

16 1601 0.007 0.003 0.051 0.008 0.198 

16 1602 0.186 0.215 0.109 0.185 0.106 

16 1603 0.056 0.073 0.111 0.090 0.047 

16 1604 0.002    0.002 

16 1605    0.003  

16.2 16.2   0.003   

17 1701  0.003    

17 1702 0.002   0.003 0.015 
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17 1703 0.128 0.171 0.152 0.093 0.089 

17 1704 0.002  0.018 0.003  

17 1705a 0.092 0.101 0.149 0.130 0.062 

17 1705b    0.003  

17 1706    0.013  

18 1801     0.005 

18 1802 0.002 0.021 0.013 0.005 0.010 

18 1803 0.135 0.034 0.058 0.098 0.025 

18 1804    0.003  

18 1805   0.003   

18.2 18.2   0.003   

19 1901 0.002  0.003  0.002 

19 1902 0.005 0.003 0.003 0.008 0.002 

 

D4S2408 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

7 7  0.003    

8 8 0.229 0.218 0.222 0.283 0.082 

9 901 0.283 0.088 0.124 0.220 0.166 

9 902 0.046 0.246  0.011  

10 1001 0.271 0.319 0.164 0.209 0.235 

10 1002  0.005  0.003  

11 11 0.152 0.093 0.396 0.228 0.396 

12 1201 0.019 0.026 0.078 0.042 0.111 

12 1202     0.002 

12 1203   0.010   

13 13  0.003 0.005 0.005 0.007 

 

FGA 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

17 17  0.005    

18 18 0.017 0.026 0.013 0.005 0.007 

18.2 18.2     0.017 

19 19 0.077 0.047 0.018 0.045 0.062 

19.2 19.2    0.003 0.005 

20 20 0.155 0.041 0.040 0.095 0.059 

20.2 20.2 0.002    0.005 

21 21 0.169 0.106 0.129 0.159 0.074 

21.2 21.2 0.007 0.003 0.003 0.003  

22 22 0.188 0.202 0.212 0.132 0.205 

22.2 22.2 0.012 0.003  0.013  

23 23 0.167 0.218 0.199 0.204 0.144 

23.2 23.2 0.005 0.005 0.003 0.005  

23.3 23.3   0.023   

24 24 0.106 0.171 0.152 0.164 0.178 

24.2 24.2  0.008  0.003  

24.3 24.3   0.003  0.005 

25 25 0.070 0.104 0.086 0.108 0.097 

25.2 25.2  0.003  0.005  

26 2601   0.023  0.022 

26 2602 0.017 0.044 0.018 0.053 0.037 

26 2603 0.007     

26.2 26.2  0.005    

27 2701  0.004 0.010  0.035 

27 2702  0.004 0.003 0.003 0.010 

28 2801  0.003    

28 2802   0.003  0.005 

28 2803   0.033  0.017 

28 2804   0.003  0.002 

28 2805   0.003   

29 29   0.020  0.005 

30 30   0.003  0.002 

31.2 31.2     0.002 

32.2 32.2     0.002 

42.2 42.2   0.003   

43.2 43.2   0.003   

 

D5S818 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

7 701  0.029    
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7 702    0.003  

8 8   0.076  0.059 

9 901 0.002   0.005 0.002 

9 902 0.046 0.073 0.013 0.040 0.005 

10 1001 0.036 0.187 0.038 0.063 0.042 

10 1002 0.017 0.005 0.005 0.034 0.015 

11 1101 0.348 0.286 0.197 0.280 0.183 

11 1102 0.036 0.042 0.141 0.024 0.030 

11.1 11.1   0.003   

12 1201 0.249 0.184 0.220 0.275 0.280 

12 1202 0.080 0.029 0.093 0.048 0.109 

12 1203    0.003  

13 1301   0.040  0.017 

13 1302 0.135 0.153 0.136 0.161 0.158 

13 1303 0.036 0.010 0.035 0.053 0.069 

14 1401 0.012 0.003 0.003 0.003 0.017 

14 1402 0.002    0.002 

15 1501    0.008 0.002 

15 1502     0.002 

16 1601     0.005 

 

CSP1PO 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

6 6     0.002 

7 7  0.003 0.013  0.067 

8 8 0.002  0.053 0.003 0.067 

9 9 0.019 0.036 0.081 0.011 0.040 

10 10 0.263 0.246 0.288 0.183 0.280 

11 1101 0.297 0.238 0.235 0.312 0.238 

11 1102   0.003   

12 1201 0.326 0.389 0.298 0.386 0.245 

12 1202  0.005    

12 1203 0.002     

12 1204     0.002 

13 13 0.072 0.075 0.025 0.090 0.050 

14 14 0.017 0.005 0.005 0.011 0.010 

15 15  0.003  0.005  

 

D6S1043 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

9 9   0.013 0.003 0.005 

10 10 0.010 0.023 0.033 0.021 0.010 

11 11 0.295 0.127 0.210 0.323 0.079 

12 1201a 0.312 0.130 0.247 0.217 0.215 

12 1201b    0.003  

12 1202    0.003  

13 13 0.063 0.106 0.106 0.066 0.092 

14 1401 0.002     

14 1402a 0.056 0.179 0.096 0.085 0.045 

14 1402b 0.005     

15 1501   0.030  0.050 

15 1502  0.029 0.028 0.008 0.005 

15 1503    0.003  

16 1601 0.002 0.005 0.008  0.025 

16 1602  0.003   0.002 

16 1603 0.002     

17 1701     0.002 

17 1702 0.063 0.034 0.056 0.050 0.129 

18 18a 0.072 0.158 0.078 0.108 0.121 

18 18b   0.003   

19 1901 0.080 0.145 0.056 0.074 0.126 

19 1902     0.002 

20 2001 0.034 0.047 0.030 0.032 0.072 

20 2002     0.002 

21 2101 0.002     

21 2102 0.002 0.010 0.003 0.005 0.005 

21.3 21.3   0.003   

22 22  0.005    

23 23   0.003  0.005 

24 24     0.007 
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D7S820 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

6 6a     0.002 

6.3 6.3 0.002     

7 7a 0.010  0.008 0.034 0.002 

7 7b 0.010     

8 8a 0.086 0.019 0.083 0.114 0.111 

8 8b 0.074 0.145 0.071 0.103 0.111 

8 8c   0.003 0.003  

9 9a 0.140 0.010 0.066 0.101 0.067 

9 9b 0.005 0.023 0.025 0.003 0.054 

9 9c 0.005 0.003 0.003 0.003  

9.2 9.2  0.003    

10 10a 0.213 0.156 0.338 0.243 0.302 

10 10b  0.002 0.003  0.007 

10 10c 0.053 0.001 0.063 0.032  

10.1 10.101  0.000    

10.1 10.102   0.010   

11 1101a 0.184 0.301 0.164 0.175 0.201 

11 1101b  0.005  0.013  

11 1101c 0.017 0.043 0.010 0.008 0.005 

11 1102a  0.016    

12 1201a 0.150 0.234 0.124 0.114 0.111 

12 1201b  0.003   0.002 

12 1201c 0.034 0.013 0.018 0.029 0.002 

12 1202a    0.008  

13 13a 0.017 0.023 0.013 0.016 0.020 

13 13c 0.002   0.003  

 

D8S1179 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

8 8 0.012  0.003 0.016  

9 9 0.014  0.005 0.003 0.002 

10 10 0.111 0.127 0.030 0.164 0.015 

11 1101 0.053 0.096 0.051 0.061 0.017 

11 1102     0.012 

11 1103  0.003  0.003  

12 1201 0.155 0.083 0.068 0.071 0.035 

12 1202   0.033  0.062 

12 1203 0.005 0.021 0.018 0.021 0.010 

13 1301 0.068 0.062 0.051 0.034 0.035 

13 1302 0.007  0.018 0.011 0.047 

13 1303 0.271 0.122 0.078 0.119 0.129 

14 1401 0.029 0.026  0.021 0.007 

14 1402 0.029 0.080 0.088 0.069 0.092 

14 1403     0.005 

14 1404 0.109 0.093 0.164 0.143 0.252 

14 1405 0.002     

15 1501 0.014   0.005  

15 1502 0.051 0.130 0.232 0.111 0.153 

15 1503   0.030  0.010 

15 1504 0.002     

15 1505 0.036 0.023 0.040 0.063 0.047 

15 1506  0.003   0.002 

15 1507   0.008   

16 1601 0.022 0.109 0.066 0.058 0.042 

16 1602   0.005 0.008 0.010 

16 1603 0.007  0.003 0.008 0.002 

17 1701  0.021 0.008 0.005 0.007 

17 1702 0.002  0.003 0.005 0.005 

18 18  0.003    

 

D9S1122 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

7 7   0.003   

9 901 0.002  0.005 0.008 0.007 

9 902 0.002  0.005  0.030 

10 1001 0.027 0.049 0.003 0.013 0.012 

10 1002 0.005 0.005 0.003 0.005 0.007 
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11 1101 0.200 0.096 0.124 0.228 0.030 

11 1102 0.034 0.070 0.141 0.085 0.149 

12 1201 0.147 0.054 0.207 0.188 0.082 

12 1202 0.208 0.241 0.144 0.183 0.300 

13 1301 0.075 0.031 0.111 0.063 0.057 

13 1302 0.249 0.365 0.215 0.188 0.272 

13 1303  0.003   0.002 

14 1401 0.007 0.008 0.013 0.003 0.002 

14 1402 0.034 0.067 0.023 0.034 0.037 

15 1501 0.010 0.005 0.005 0.003 0.010 

15 1502  0.003    

16 16  0.003   0.002 

 

D10S1248 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

8 8  0.003   0.002 

9 9 0.002  0.023   

10 10   0.005  0.002 

11 11 0.005 0.003 0.018 0.011 0.057 

12 12 0.019 0.078 0.066 0.024 0.151 

13 13 0.280 0.350 0.253 0.135 0.248 

14 14 0.314 0.215 0.285 0.296 0.240 

15 15 0.188 0.223 0.247 0.296 0.198 

16 16 0.145 0.111 0.086 0.190 0.082 

17 17 0.046 0.016 0.015 0.045 0.015 

18 18  0.003 0.003 0.003 0.005 

 

TH01 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

5 5     0.005 

6 6 0.196 0.111 0.260 0.275 0.114 

7 7a 0.172 0.285 0.343 0.159 0.451 

7 7b    0.003  

8 8 0.114 0.057 0.091 0.119 0.183 

9 901 0.147 0.448 0.192 0.265 0.153 

9 902    0.003  

9.3 9.3 0.360 0.034 0.093 0.167 0.079 

10 10 0.012 0.065 0.018 0.008 0.015 

10.3 10.3    0.003  

11 11   0.003   

 

vWA 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

11 1101     0.002 

12 1201   0.003   

13 1301   0.003 0.003  

13 1302   0.005  0.015 

13 1303b     0.012 

14 1401 0.080 0.259 0.056 0.090 0.007 

14 1402 0.027  0.005 0.005 0.007 

14 1403 0.002 0.003 0.008 0.003 0.015 

14 1404b     0.012 

15 1501 0.005     

15 1502 0.068 0.005 0.033 0.040 0.057 

15 1503 0.012 0.026 0.146 0.024 0.186 

15 1504a 0.002    0.002 

15 1504b     0.005 

15 1505     0.002 

15 1506     0.002 

16 1601     0.002 

16 1602 0.053 0.008 0.025 0.011 0.077 

16 1603     0.002 

16 1604 0.184 0.150 0.217 0.235 0.210 

16 1605     0.002 

17 1701 0.024  0.023 0.008 0.027 

17 1702 0.228 0.262 0.210 0.272 0.141 

17 1703   0.010 0.005 0.002 

17 1704    0.005  

17 1705   0.003   

18 1801  0.008 0.005  0.010 
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18 1802  0.003    

18 1803 0.204 0.171 0.098 0.198 0.079 

18 1804 0.005  0.005 0.008 0.010 

18 1805   0.018  0.010 

18 1806 0.002     

18 1807  0.005    

18 1808    0.003  

19 1901 0.002  0.003 0.003 0.002 

19 1902 0.083 0.083 0.020 0.058 0.059 

19 1903 0.005   0.013 0.005 

19 1905   0.068  0.012 

20 2001 0.010 0.013 0.005 0.013  

20 2002    0.003 0.007 

20 2003   0.030  0.007 

21 2101 0.002    0.002 

21 2102  0.005   0.002 

21 2103   0.003   

 

D12S391 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

13 1301     0.002 

14 1401   0.005  0.002 

15 1501 0.031 0.008 0.033 0.011 0.082 

15 1502     0.007 

15.1 15.1     0.002 

16 1601  0.003   0.002 

16 1602 0.034  0.013 0.005 0.035 

16 1603   0.008  0.025 

17 1701 0.002  0.048 0.003 0.020 

17 1702a 0.114 0.106 0.152 0.130 0.082 

17 1702b     0.002 

17 1703 0.005 0.003 0.083 0.003 0.047 

17 1704     0.002 

17.1 17.1     0.002 

17.3 17.3 0.017   0.011  

18 1801 0.002     

18 1802a 0.002 0.016 0.020 0.011 0.030 

18 1802b   0.003   

18 1803  0.011    

18 1804 0.174 0.215 0.104 0.249 0.215 

18 1805 0.007  0.063  0.035 

18 1806  0.003    

18.3 18.3 0.014  0.003 0.013  

19 1900  0.003  0.003  

19 1901   0.003  0.002 

19 1902  0.003 0.015  0.002 

19 1903  0.010  0.011 0.002 

19 1904a 0.017 0.023 0.023 0.013 0.035 

19 1904b 0.007  0.003 0.008  

19 1905a 0.092 0.138 0.091 0.079 0.089 

19 1905b 0.007   0.005  

19 1906  0.008 0.008  0.002 

19 1907    0.003  

19 1908    0.003  

19.1 19.1     0.017 

19.2 19.2    0.003  

19.3 19.301 0.005    0.002 

19.3 19.303 0.007     

20 2000     0.002 

20 2001 0.022 0.005 0.003 0.011  

20 2002 0.002 0.045 0.003 0.008 0.012 

20 2003 0.007 0.005  0.013 0.020 

20 2004a 0.019 0.040 0.023 0.021 0.027 

20 2004b    0.003  

20 2005 0.002  0.003  0.012 

20 2006a 0.041 0.082 0.040 0.061 0.040 

20 2006b 0.002     

20 2007 0.002 0.003 0.008 0.003 0.010 

20.1 20.1     0.002 

20.3 20.3 0.002     
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21 2101 0.012 0.003  0.003 0.002 

21 2102 0.002 0.003 0.005 0.005  

21 2103 0.051 0.029 0.020 0.050 0.002 

21 2104  0.049 0.013 0.019 0.010 

21 2105 0.019 0.003  0.003 0.007 

21 2106 0.012 0.016 0.013 0.016 0.012 

21 2107     0.010 

21 2108  0.021 0.003 0.013 0.007 

21 2109 0.002     

21 21010 0.002     

21 21011   0.003   

21.1 21.1     0.002 

22 2201 0.005    0.002 

22 2202 0.014 0.010  0.008 0.002 

22 2203 0.002 0.003 0.015 0.003  

22 2204 0.068 0.042 0.051 0.058 0.002 

22 2205a 0.014 0.023 0.025 0.005 0.027 

22 2205b   0.003   

22 2206 0.017   0.011 0.007 

22 2207 0.005 0.013 0.013 0.003  

22 2208 0.002     

22 2209    0.003  

22 2210   0.003 0.003  

23 2301 0.002  0.003   

23 2302 0.002     

23 2303 0.014 0.005 0.008 0.008  

23 2304 0.005 0.005  0.005  

23 2305 0.034 0.016 0.010 0.048 0.002 

23 2306 0.022 0.008 0.033 0.005 0.012 

23 2307 0.005   0.003 0.005 

23 2308    0.005  

24 2401 0.002 0.003  0.005  

24 2402 0.002 0.003 0.003   

24 2403 0.012 0.009 0.003 0.013  

24 2404a 0.002 0.006 0.008 0.003 0.002 

24 2404b    0.003  

25 2500     0.002 

25 2501  0.003  0.005  

25 2502 0.002   0.005  

25 2503 0.002  0.003 0.005  

25 2504a 0.007 0.003  0.005 0.005 

25 2504b   0.003   

25 2505   0.010   

26 2601 0.005     

26 2602 0.007     

26 2603   0.003   

28 28 0.002     

 

D13S317 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

7 701  0.003    

7 702 0.002   0.005  

8 801 0.119 0.339 0.169 0.185 0.010 

9 901 0.065 0.124 0.025 0.095 0.002 

9 902  0.021  0.003  

9 903a    0.003  

9 903b   0.010  0.002 

10 1001 0.044 0.026 0.035 0.021 0.007 

10 1002a 0.002 0.085 0.018 0.042 0.015 

10 1002b 0.002     

10 1003  0.013 0.005   

11 1101 0.148 0.026 0.149 0.066 0.213 

11 1102a 0.167 0.163 0.086 0.196 0.097 

11 1102b 0.017     

11 1102c     0.005 

11 1103  0.018    

11 1104  0.010  0.003  

12 1200 0.002     

12 1201 0.177 0.018 0.232 0.116 0.354 

12 1202a 0.116 0.111 0.131 0.153 0.082 



 142 

12 1202b 0.002     

12 1202c     0.010 

12 1203  0.008    

12 1204     0.002 

13 1301 0.065  0.056 0.053 0.116 

13 1302 0.024 0.023 0.053 0.034 0.030 

14 1401 0.034  0.023 0.013 0.050 

14 1402 0.012 0.010 0.005 0.008 0.005 

15 1501    0.003  

28.2 28.2   0.003   

 

Penta E 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

5 5 0.070 0.034 0.038 0.088 0.112 

6 6     0.002 

7 7 0.189 0.005 0.063 0.086 0.114 

8 8 0.012  0.056 0.013 0.194 

9 9 0.007 0.019 0.025 0.008 0.062 

10 10 0.083 0.042 0.053 0.019 0.032 

11 11 0.117 0.146 0.124 0.174 0.075 

12 12 0.177 0.133 0.093 0.104 0.087 

13 1301 0.107 0.053 0.047 0.053 0.124 

13 1302   0.009   

14 14 0.046 0.088 0.124 0.070 0.055 

15 1501 0.049 0.088 0.149 0.110 0.059 

15 1502   0.010  0.004 

15.4 15.4    0.003  

16 1601 0.053 0.077 0.078 0.120 0.021 

16 1602     0.014 

16.4 16.4    0.003  

17 1701 0.051 0.080 0.040 0.072 0.028 

17 1702     0.004 

18 18 0.015 0.074 0.053 0.032 0.007 

18.4 18.4  0.005    

19 19 0.010 0.064 0.023 0.016 0.005 

20 20 0.010 0.045 0.015 0.019  

21 21 0.005 0.029  0.011  

22 22  0.013    

23 23  0.005    

 

D16S539 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

8 8a 0.010 0.003 0.038 0.032 0.027 

8 8b  0.007  0.040 0.002 

8 8c  0.003    

9 9a 0.056 0.024 0.053 0.037 0.072 

9 9b 0.056 0.216 0.091 0.146 0.158 

9 9c    0.003  

10 1001a 0.012 0.003 0.030 0.032 0.079 

10 1001b 0.053 0.130 0.035 0.061 0.047 

10 1001c    0.003  

10 1002     0.002 

11 1101a 0.285 0.242 0.283 0.249 0.240 

11 1101b 0.007 0.029 0.005 0.053 0.012 

11 1101c   0.003  0.010 

11 1103    0.003  

12 12a 0.324 0.205 0.273 0.172 0.218 

12 12b  0.011 0.003 0.021 0.002 

12 12c     0.002 

13 13a 0.172 0.107 0.149 0.132 0.106 

13 13b   0.008 0.003  

14 14 0.022 0.013 0.025 0.016 0.020 

15 15  0.005 0.005   

16 16a 0.005     

16 16b  0.003    

 

D17S1301 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

7 7  0.003    

8 8  0.008  0.003  
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9 9 0.002 0.026  0.008  

10 10 0.031 0.057 0.028 0.008 0.007 

11 1101 0.307 0.189 0.187 0.235 0.146 

11 1102     0.005 

11.3 11.3     0.002 

12 1201 0.473 0.435 0.525 0.468 0.542 

12 1202  0.005   0.002 

13 1301 0.155 0.228 0.194 0.241 0.243 

13 1302   0.003   

14 14 0.031 0.044 0.056 0.032 0.047 

15 15  0.005 0.008 0.005 0.005 

 

D18S51 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

10 10 0.002   0.008  

11 11 0.010  0.010 0.008 0.002 

12 12 0.147 0.044 0.066 0.074 0.050 

12.2 12.2   0.005   

13 1301 0.130 0.163 0.043 0.151 0.040 

13 1302    0.003  

13.2 13.2     0.010 

14 1401 0.155 0.194 0.093 0.296 0.047 

14 1402 0.005   0.008  

15 15 0.150 0.199 0.131 0.175 0.176 

15.2 15.2   0.005   

16 16 0.128 0.140 0.088 0.132 0.186 

16.2 16.2   0.043   

17 17a 0.133 0.057 0.154 0.066 0.149 

17 17b     0.002 

17 17c     0.002 

17.2 17.2   0.035   

18 18a 0.075 0.062 0.111 0.026 0.101 

18 18b     0.002 

18.1 18.1 0.002     

18.2 18.2   0.005   

19 19 0.027 0.039 0.104 0.026 0.136 

20 20 0.012 0.021 0.068 0.019 0.052 

20.2 20.2     0.002 

21 21 0.014 0.013 0.030 0.003 0.015 

22 22 0.005 0.039 0.005 0.005 0.020 

23 23 0.002 0.021 0.003  0.007 

24 24 0.002 0.008    

 

D19S433 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

4 4  0.003    

8 8    0.003  

9 9    0.003  

10 10     0.002 

11 11   0.020  0.097 

11.2 11.2    0.003  

12 12 0.065 0.036 0.134 0.056 0.136 

12.1 12.1 0.002     

12.2 12.201  0.010 0.003 0.013 0.025 

12.2 12.202     0.005 

13 1301 0.251 0.298 0.268 0.267 0.297 

13 1302    0.016  

13.2 13.201 0.012 0.047 0.048 0.013 0.042 

13.2 13.202    0.005  

14 1401a 0.370 0.241 0.303 0.220 0.196 

14 1401b    0.003  

14 1402    0.005  

14.2 14.2 0.043 0.111 0.045 0.074 0.062 

15 15 0.169 0.101 0.088 0.116 0.030 

15.2 15.2 0.031 0.122 0.033 0.108 0.050 

15.3 15.3    0.003  

16 16 0.039 0.008 0.035 0.056 0.005 

16.2 16.201 0.010 0.023 0.018 0.026 0.050 

16.2 16.202     0.002 

17 17 0.005  0.003 0.005  
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17.2 17.2   0.003 0.005 0.002 

18 18 0.002     

 

D20S482 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

9 9 0.017  0.058 0.003 0.005 

10 10a 0.002 0.022  0.003 0.002 

10 10b    0.003 0.002 

11 11 0.014 0.008 0.003 0.008 0.012 

12 12a 0.010 0.030 0.018 0.050 0.037 

12 12b 0.002 0.003 0.013 0.003 0.002 

13 1301a 0.169 0.274 0.199 0.233 0.210 

13 1301b 0.042 0.022 0.040 0.013 0.005 

13 1302  0.003    

14 14a 0.425 0.386 0.366 0.405 0.448 

14 14b 0.043 0.019 0.033 0.037 0.005 

15 15a 0.196 0.177 0.146 0.159 0.201 

15 15b 0.007 0.008 0.015 0.026  

16 1601a 0.058 0.041 0.091 0.048 0.067 

16 1601b 0.010 0.003 0.013 0.011 0.002 

16 1602  0.003    

17 17 0.005  0.005   

19 19  0.003    

 

D21S11 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

24.3 24.3   0.005  0.002 

26 2601 0.002   0.003  

26 2602   0.003   

27 2701 0.007 0.003  0.005  

27 2702   0.020  0.040 

27 2703 0.024  0.028 0.016 0.032 

27 2704   0.003   

28 2801 0.002 0.023  0.011  

28 2802  0.008    

28 2803  0.008 0.035  0.017 

28 2804 0.159 0.018 0.058 0.106 0.203 

28.2 28.2  0.003    

29 2901 0.072 0.177 0.013 0.056  

29 2902   0.008  0.002 

29 2903  0.003    

29 2904   0.003  0.005 

29 2905  0.003   0.002 

29 2906 0.007 0.005 0.071 0.016 0.052 

29 2907 0.140 0.091 0.149 0.138 0.111 

29 2908     0.002 

29 2909     0.037 

29.2 29.201     0.005 

29.2 29.202  0.003  0.003  

30 3001 0.005 0.023  0.003  

30 3002 0.135 0.130 0.013 0.048 0.002 

30 3003   0.008  0.007 

30 3004  0.003    

30 3005 0.031 0.065 0.162 0.069 0.121 

30 3006 0.077 0.047 0.109 0.058 0.035 

30 3007 0.002  0.003  0.002 

30 3008    0.011  

30.2 30.201 0.022   0.003 0.005 

30.2 30.202   0.003  0.010 

30.2 30.203 0.005 0.008  0.034 0.010 

30.3 30.3  0.003    

31 3101 0.002 0.005    

31 3102 0.005 0.021    

31 3103   0.005  0.020 

31 3104 0.022 0.010  0.011 0.002 

31 3105   0.005  0.017 

31 3106 0.036 0.052 0.018 0.013 0.035 

31 3107 0.007  0.018 0.013 0.002 

31 3108   0.003   

31.2 31.201  0.005 0.013   
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31.2 31.202     0.022 

31.2 31.203 0.097 0.049 0.073 0.127 0.032 

31.2 31.204     0.002 

32 3201  0.010    

32 3202     0.002 

32 3203  0.010    

32 3204 0.010 0.003    

32 3205  0.026 0.005  0.010 

32 3206 0.002     

32 3207     0.005 

32 3208     0.002 

32.2 32.201 0.002   0.003  

32.2 32.202  0.005  0.003  

32.2 32.203 0.087 0.127 0.078 0.161 0.064 

32.2 32.204  0.005    

32.2 32.205  0.003  0.003  

32.2 32.206     0.005 

33 3301 0.002     

33.2 33.201 0.027 0.034 0.030 0.077 0.022 

33.2 33.202    0.003  

33.2 33.203  0.003   0.002 

34 3401   0.003  0.005 

34 3402  0.003    

34 3403 0.002   0.003  

34 3404   0.005   

34 3405   0.003   

34.2 34.201 0.005 0.005 0.003 0.008 0.007 

35 3501   0.013  0.012 

35 3502     0.002 

35 3503     0.020 

35 3504   0.010   

35 3505   0.005   

36 3601   0.010   

36 3602   0.008   

37 3701   0.003   

37 3702   0.003   

 

Penta D 

Allele (LB) Allele (SB) White British British Chinese North E. African South Asian West African 

2.2 2.2   0.082 0.003 0.173 

3.2 3.2   0.022 0.003 0.012 

5 5     0.067 

6 6   0.014 0.003 0.002 

7 7 0.010 0.005 0.044 0.008 0.027 

8 8a 0.012 0.057 0.093 0.016 0.176 

8 8c   0.011   

9 9a 0.193 0.349 0.161 0.233 0.106 

9 9e  0.006    

9 9f   0.003   

10 10a 0.145 0.136 0.199 0.161 0.094 

10 10c  0.004    

11 11a 0.145 0.127 0.134 0.251 0.176 

11 11c   0.003  0.003 

12 1201a 0.210 0.148 0.095 0.116 0.086 

12 1201b     0.005 

12 1201c 0.010     

12 1202    0.003  

13 13a 0.176 0.109 0.057 0.116 0.062 

13 13b     0.005 

13 13c   0.005   

14 14a 0.065 0.052 0.065 0.050  

14 14b     0.002 

15 15a 0.022 0.004 0.003 0.024  

15 15c  0.004    

16 16 0.007   0.011  

17 17a 0.005   0.003  

17 17b     0.002 

 

Table 4.2: Hardy-Weinberg Equilibrium 
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130 tests, 0.05 significance level with Bonferroni correction means a p-value of 0.00038 

needs to be achieved to reach a significant departure from HWE.  
 White British British Chinese 

Locus #Genot Obs.Het. Exp.Het. P-value s.d. Steps done #Genot Obs.Het. Exp.Het. P-value s.d. Steps done 
D1S1656 185 0.89730 0.92173 0.00192 0.00003 1001000 150 0.76667 0.80892 0.03445 0.00014 1001000 
D2S1338 207 0.90338 0.90493 0.32899 0.00026 1001000 193 0.93264 0.90271 0.46406 0.00016 1001000 
D2S441 206 0.78641 0.80925 0.49837 0.00029 1001000 190 0.85789 0.85270 0.61927 0.00050 1001000 

D3S1358 207 0.85990 0.85959 0.86756 0.00019 1001000 193 0.78756 0.79186 0.93524 0.00022 1001000 
D4S2408 207 0.78261 0.77051 0.41461 0.00045 1001000 193 0.73057 0.77537 0.32702 0.00032 1001000 
D5S818 207 0.74396 0.78788 0.50443 0.00032 1001000 192 0.85417 0.81978 0.50466 0.00040 1001000 

D6S1043 206 0.77670 0.79512 0.09172 0.00018 1001000 193 0.84456 0.87528 0.13941 0.00028 1001000 
D7S820 206 0.83495 0.86331 0.41476 0.00035 1001000 187 0.83422 0.81430 0.99146 0.00006 1001000 

D8S1178 207 0.88889 0.86670 0.41579 0.00027 1001000 193 0.90155 0.90562 0.86377 0.00024 1001000 
D9S1122 207 0.84058 0.82626 0.74614 0.00028 1001000 193 0.79275 0.78545 0.67611 0.00035 1001000 

D10S1248 207 0.80193 0.76573 0.41163 0.00032 1001000 193 0.78238 0.76508 0.20261 0.00028 1001000 
D12S391 206 0.93204 0.93409 0.59214 0.00007 1001000 190 0.90526 0.90739 0.34914 0.00018 1001000 
D13S317 206 0.87864 0.88066 0.95905 0.00013 1001000 193 0.83938 0.82171 0.43283 0.00039 1001000 
D16S539 207 0.76812 0.77668 0.99884 0.00004 1001000 189 0.82011 0.82404 0.26971 0.00023 1001000 

D17S1301 207 0.70048 0.65747 0.66661 0.00059 1001000 193 0.72539 0.71871 0.92314 0.00022 1001000 
D18S51 207 0.85990 0.87620 0.29916 0.00031 1001000 193 0.89119 0.86533 0.03731 0.00023 1001000 

D19S433 207 0.74879 0.76468 0.47463 0.00031 1001000 193 0.81865 0.81365 0.75862 0.00040 1001000 
D20S482 206 0.75728 0.74579 0.27765 0.00034 1001000 184 0.71739 0.74257 0.14774 0.00025 1001000 
D21S11 207 0.92754 0.90580 0.87141 0.00014 1001000 192 0.86979 0.91391 0.48341 0.00015 1001000 
CSF1PO 207 0.71981 0.73192 0.81370 0.00033 1001000 193 0.78756 0.72647 0.20254 0.00040 1001000 
Penta D 195 0.80513 0.84108 0.74039 0.00029 1001000 146 0.85616 0.79450 0.02850 0.00013 1001000 
Penta E 162 0.81481 0.88275 0.48212 0.00040 1001000 57 0.84211 0.92004 0.03911 0.00015 1001000 

FGA 207 0.87440 0.86330 0.78552 0.00034 1001000 192 0.85938 0.85478 0.71521 0.00030 1001000 
TH01 207 0.76812 0.76989 0.60342 0.00050 1001000 193 0.72539 0.69874 0.16050 0.00035 1001000 
TPOX 207 0.55556 0.61574 0.30624 0.00039 1001000 193 0.57513 0.57430 0.86126 0.00030 1001000 
vWA 207 0.87923 0.85229 0.60034 0.00026 1001000 191 0.77487 0.80624 0.28961 0.00026 1001000 

 North East African South Asian 
Locus #Genot Obs.Het. Exp.Het. P-value s.d. Steps done #Genot Obs.Het. Exp.Het. P-value s.d. Steps done 

D1S1656 198 0.89394 0.90399 0.25507 0.00017 1001000 188 0.87766 0.89713 0.22359 0.00017 1001000 
D2S1338 198 0.95455 0.93694 0.92207 0.00007 1001000 189 0.93122 0.93023 0.94110 0.00008 1001000 
D2S441 198 0.81818 0.81936 0.52038 0.00027 1001000 189 0.77249 0.79477 0.62244 0.00036 1001000 

D3S1358 198 0.90909 0.88968 0.11548 0.00014 1001000 189 0.84656 0.86733 0.73785 0.00020 1001000 
D4S2408 198 0.70707 0.74681 0.00059 0.00002 1001000 189 0.74603 0.77633 0.93189 0.00021 1001000 
D5S818 198 0.82323 0.85752 0.42571 0.00051 1001000 189 0.77778 0.80923 0.19967 0.00024 1001000 

D6S1043 198 0.79798 0.86031 0.07860 0.00017 1001000 189 0.76720 0.81804 0.50047 0.00025 1001000 
D7S820 198 0.83838 0.82369 0.81545 0.00025 1001000 189 0.81481 0.86231 0.48848 0.00029 1001000 

D8S1178 198 0.88889 0.88797 0.88567 0.00021 1001000 189 0.87831 0.90494 0.10708 0.00019 1001000 
D9S1122 198 0.82828 0.84404 0.60105 0.00023 1001000 189 0.80952 0.83390 0.56457 0.00039 1001000 

D10S1248 198 0.75253 0.78276 0.64038 0.00039 1001000 189 0.75132 0.76926 0.37326 0.00043 1001000 
D12S391 198 0.93434 0.93662 0.94307 0.00011 1001000 189 0.88360 0.90226 0.50388 0.00008 1001000 
D13S317 198 0.85354 0.86399 0.91606 0.00022 1001000 189 0.80423 0.87264 0.51162 0.00036 1001000 
D16S539 198 0.80303 0.81004 0.48581 0.00035 1001000 189 0.80423 0.86001 0.50774 0.00029 1001000 

D17S1301 198 0.64141 0.64910 0.92769 0.00021 1001000 189 0.65079 0.66794 0.65880 0.00040 1001000 
D18S51 198 0.90404 0.90669 0.12874 0.00022 1001000 189 0.85185 0.83185 0.36179 0.00030 1001000 

D19S433 198 0.78788 0.80540 0.54021 0.00035 1001000 189 0.84656 0.84420 0.80077 0.00030 1001000 
D20S482 198 0.77778 0.79143 0.22351 0.00031 1001000 189 0.75132 0.75152 0.36329 0.00025 1001000 
D21S11 198 0.91919 0.91713 0.35626 0.00019 1001000 189 0.87831 0.90823 0.63620 0.00021 1001000 
CSF1PO 198 0.76263 0.76494 0.98259 0.00012 1001000 189 0.74603 0.71358 0.19357 0.00031 1001000 
Penta D 182 0.89011 0.88398 0.69396 0.00030 1001000 181 0.82873 0.83003 0.96187 0.00013 1001000 
Penta E 122 0.91803 0.92009 0.29483 0.00024 1001000 160 0.88750 0.90374 0.50639 0.00031 1001000 

FGA 198 0.86869 0.86538 0.27295 0.00023 1001000 189 0.86772 0.86525 0.52251 0.00031 1001000 
TH01 198 0.75253 0.76218 0.78085 0.00033 1001000 189 0.70370 0.78917 0.17067 0.00026 1001000 
TPOX 198 0.64141 0.72463 0.04853 0.00019 1001000 189 0.68783 0.72057 0.16707 0.00032 1001000 
vWa 198 0.83333 0.86802 0.75840 0.00020 1001000 189 0.82540 0.81879 0.22230 0.00019 1001000 

 West African       
Locus #Genot Obs.Het. Exp.Het. P-value s.d. Steps done       

D1S1656 196 0.86224 0.90409 0.22623 0.00022 1001000       
D2S1338 202 0.94059 0.95424 0.13012 0.00007 1001000       
D2S441 202 0.77228 0.79519 0.29364 0.00033 1001000       

D3S1358 202 0.84158 0.88481 0.12056 0.00026 1001000       
D4S2408 202 0.76238 0.74305 0.91049 0.00023 1001000       
D5S818 202 0.84158 0.84146 0.71533 0.00025 1001000       

D6S1043 202 0.83663 0.88346 0.08239 0.00017 1001000       
D7S820 202 0.82178 0.82550 0.91560 0.00025 1001000       

D8S1178 202 0.89109 0.87635 0.57596 0.00024 1001000       
D9S1122 202 0.80198 0.80266 0.65374 0.00031 1001000       

D10S1248 202 0.75248 0.81091 0.08093 0.00021 1001000       
D12S391 202 0.90594 0.92186 0.04674 0.00003 1001000       
D13S317 202 0.81188 0.79798 0.92220 0.00017 1001000       
D16S539 202 0.81188 0.84553 0.67680 0.00045 1001000       

D17S1301 202 0.65347 0.62520 0.13993 0.00027 1001000       
D18S51 202 0.91584 0.87620 0.33082 0.00025 1001000       

D19S433 202 0.88119 0.83569 0.15076 0.00026 1001000       
D20S482 202 0.72772 0.71048 0.99847 0.00003 1001000       
D21S11 202 0.92079 0.91653 0.74381 0.00012 1001000       
CSF1PO 202 0.75248 0.79416 0.30650 0.00030 1001000       
Penta D 194 0.90206 0.87433 0.76994 0.00026 1001000       
Penta E 152 0.88816 0.89406 0.42383 0.00036 1001000       

FGA 202 0.87129 0.88143 0.45609 0.00034 1001000       
TH01 202 0.74752 0.72226 0.87370 0.00032 1001000       
TPOX 202 0.77723 0.78104 0.96279 0.00018 1001000       
vWA 202 0.89604 0.88234 0.55597 0.00015 1001000       

Three tri-allelic genotypes were omitted from the frequency data: two at TPOX in the 



 147 

West African population and one at D4S2408 in the North East African population 

(discussed in the previous chapter). The genotype for the sample with a discordance at 

D7S820 caused by a flanking region SNP was given to be concordant with CE (6.3 rather 

than 7), whereas those where the discordances at D5S818 and Penta D led to drop out 

were omitted. For the 5 samples with missing 24.3 alleles at D21S11, given that the 

“true” genotypes were confirmed with CE and re-sequencing with custom primers, 

these were included in the frequencies so as not to skew the data by missing out this 

allele altogether.  

4.2.1.1. Allele frequency distribution  

Some of the frequency data from Table 4.1 has been condensed in the following figures 

to better discuss certain findings. Figure 4.1 shows a graphical representation of the 

allele frequency distribution across all samples. Frequencies for each allele were 

averaged across the five population groups studied, to get an initial idea of the increase 

in diversity gained when using sequence-based allelic frequencies compared to length-

based ones. Globally, the six markers showing the most substantial gains in number of 

observable alleles compared to CE in the previous chapter were D13S317 (+20 alleles), 

D3S1358 (+20 alleles), vWA (+33 alleles), D21S11 (+59 alleles), D2S1338 (+67 alleles) and 

D12S391 (+72 alleles). This is reflected in Figure 4.1 where it is obvious for markers such 

as D3S1358 and D2S1338 especially that the more common length-based alleles are now 

“split” because of variation seen at the sequence level in these alleles. Similar results 

are seen as D13S317 and D21S11. At vWA, the correlation is less obvious, suggesting 

that many of the sequence-based variants at this locus are quite uncommon. When 

averaging the frequencies for loci across the five population groups, a frequency of 

between 0.002 and 0.003 would indicate that the allele has only been observed once or 

twice throughout the entire dataset and is therefore considered rare. At vWA, of the 33 

additional alleles observed when differentiating based on sequence rather than length, 

14 are rare by this definition. At D12S391, of the 72 additional sequence-based alleles 

observed, 27 are rare. This can be seen in Figure 4.2, where many of the alleles 

characterised by repeat region or flanking region sequence are depicted with very thin 

bands in the Sankey diagram, representing low frequencies. Most flanking region 

variants also appear limited to a few length-based alleles for this marker. 
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Figure 4.1: Allele frequency distribution per locus 

Distribution of allelic frequencies across all populations (n=989) per locus, sequence-

based (SB) and length-based (LB). The 8 most common alleles for each locus are coloured, 

and any remaining alleles are shown in greyscale. Loci are sorted in increasing order of 

sequence-based frequency of the most common allele at each locus (i.e. D2S1338 has 

the lowest frequency most common allele, and D17S1301 has the highest frequency 

most common allele). 
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Figure 4.2: Sankey Diagram of D12S391 allelic frequencies in the White British 

population 

The thickness of each band represents the frequency of the corresponding allele. Alleles 

are split from left to right from length-based (red), repeat region sequence-based (pink) 

and finally flanking region sequence-based (purple). This diagram was created using 

http://sankeymatic.com/build/.  

Figure 4.3 provides a more detailed view of the frequency distribution for vWA in the 

West African population. This population was chosen as it is the one showing the 

greatest allelic gain for this marker. The graph clearly shows that the most common 
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motif for this locus is [TCTA] [TCTG]4 [TCTA]n, which makes up the majority of the 

common alleles by length. The most common allele by length is a 16, with a frequency 

of 0.29 in the West African population. Breaking it down by sequence, the most common 

sequence-based allele, [TCTA] [TCTG]4[TCTA]11 still has a frequency of 0.21, as seen in 

Figure 4.3. As suggested above, most of the alleles gained by sequence for this marker 

are in fact quite rare. Variants found within the flanking regions are coloured in yellow 

and orange (with the rs numbers given in the figure legend), and account for a small 

fraction of the sequence variation observed at this locus in this population. 

 
Figure 4.3: Allele frequency distribution for vWA in the West African population 

The primary motif for vWA is as follows: [TCTA] [TCTG]3-6 [TCTA]n. The different length-

based alleles observed at vWA are split into the main sequence motifs reported in this 

work. For simplicity, four additional rare motif alleles present in the West African dataset 

were not included. 

A more detailed view of the frequency distribution for D2S1338 in the West African 

population is shown in Figure 4.4. As before, this population was chosen for 

demonstration as it is the one showing the greatest allelic gain for this marker. Here, the 
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frequency for the most common allele by length, a 19, is effectively at least halved when 

considering sequence-level information. A length-based 19 allele at this locus has a 

frequency of 0.171 in the West African population. When accounting for sequence 

variation, there are three different “versions” of a 19 allele observed with the following 

repeat motifs: [TGCC]5[TTCC]14, [TGCC]6[TTCC]13, [TGCC]6[TTCC]10[GTCC][TTCC]2, and 

[TGCC]7[TTCC]12 with frequencies of 0.00742, 0.0767, 0.0149 and 0.0718, respectively. 

With a frequency of 0.0767, the [TGCC]6[TTCC]13 allele is the most common by sequence 

for D2S1338, but is still 50% less common than the 19 allele by length in the population. 

 

Figure 4.4: Allele frequency distribution for D2S1338 in the West African population 

The two primary motifs for D2S1338 are as follows: [TGCC]3-9 [TTCC]n and [TGCC]3-9 

[TTCC]n GTCC [TTCC]2. The different length-based alleles observed at D2S1338 are split 

into the main sequence motifs reported in this work. For simplicity, four additional rare 

motif alleles were not included. 

By increasing the number of alleles distinguishable at common autosomal STR loci, MPS 

offers an improved power of discrimination for these tests. The more common an allele 

is within a population, the more likely it is that two individuals at random would share 

that allele. The increased granularity achieved through sequence-level information 
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means that for many markers, these “common alleles” are, in fact, less common than 

previously thought. Lower frequencies will lead to more pronounced likelihood ratios, 

in favour or against the hypothesis that two profiles come from unrelated people for 

example. The population genetics parameters discussed in the next section offer a 

different view of the increased power of STR testing using MPS. 

4.2.2. Locus diversity 

4.2.2.1. Expected heterozygosity 

The expected heterozygosity of a locus within a population gives an indication of genetic 

variability. Expected heterozygosity (Hexp), also referred to as a genetic diversity (D), 

ranges from zero to almost 1 (for a system with a large number of equally frequent 

alleles) and represents the number of heterozygotes that would be expected under 

Hardy Weinberg Equilibrium, based on the observed allele frequencies in the sampled 

population group.  Hexp values for all loci in each population group were calculated using 

Arlequin [188, 218] and Forstat [191]. 

Table 4.3 compares the heterozygosity by length and by sequence for the 26 autosomal 

STRs targeted in this study, sorted in descending order of average absolute increase of 

heterozygosity. D9S1122 showed the largest average increase in Hexp across all five 

populations, and is also the one showing the most pronounced increase in the White 

British, North East African and South Asian populations. Other loci showing an average 

absolute increase in heterozygosity of over 5% by sequence compared to length are 

D3S1358, D13S317, D5S818, D8S1179, D21S11, D12S391, D7S820, D2S1338 and 

D2S441. This general trend of locus diversity is consistent with previous studies for the 

markers targeted by the ForenSeq DNA Signature Prep kit in similar populations [63, 98]. 

Of these ten loci, eight correspond to markers which showed 100% or more gain in 

number of distinguishable alleles (presented in the previous chapter). Figure 4.5 shows 

a comparison between the number of alleles gained by sequence for each marker across 

all five populations, and the average gain in heterozygosity. This suggests a general 

correlation between an increase in alleles and an increase in heterozygosity. D9S1122 

and D5S818 did not show such a high increase in allelic numbers, and yet based on Hexp 

show a high increase in diversity when taking sequence-based alleles into account. This 

is due to the fact that although there isn’t a great number of new, rare sequence-based 

alleles, the sequence diversity at these loci has effectively split up some of the more 
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frequent length-based alleles (as demonstrated for D2S1338 in Figure 4.4). Interestingly, 

vWA shows an increase in number of alleles of 300% across all population, and yet only 

shows an increase in Hexp of over 5% in the West African population. As suggested in the 

previous section, it is likely that the large number of rare alleles at this locus cause it to 

show a huge increase in allelic numbers, yet the frequencies are less useful than 

anticipated. Frequency distribution within a population and initial heterozygosity by 

length are likely to affect the gains in heterozygosity by sequence. These results highlight 

the importance of taking allele frequencies and locus diversity into account when 

assessing a marker set. Across all populations and all markers, average STR marker 

diversity was 0.785 when analysed by length and 0.82 when sequence information was 

considered. This equates to an increase in average diversity of 0.035 with a maximal 

increase of 0.145 at D3S1358 in the West African population.  

Table 4.3: Expected heterozygosity for length and sequence-based allelic data 

For each population, length-based (LB), sequence-based (SB), and the increase (Inc) in 

expected heterozygosity is provided. Loci are listed in decreasing order of average 

increase in expected heterozygosity across all five populations, and values over 0.05 are 

highlighted in bold.  
Locus White British British Chinese North East African South Asian West African 

 LB SB Inc LB SB Inc LB SB Inc LB SB Inc LB SB Inc 
D9S1122 0.713 0.826 0.113 0.719 0.785 0.066 0.701 0.844 0.143 0.702 0.834 0.132 0.711 0.803 0.091 
D3S1358 0.792 0.860 0.067 0.718 0.792 0.074 0.747 0.890 0.143 0.757 0.867 0.110 0.740 0.885 0.145 
D13S317 0.772 0.881 0.109 0.783 0.822 0.038 0.769 0.864 0.095 0.803 0.873 0.070 0.677 0.798 0.121 
D5S818 0.712 0.788 0.076 0.779 0.818 0.039 0.737 0.858 0.121 0.746 0.809 0.063 0.738 0.841 0.103 

D8S1179 0.801 0.867 0.065 0.856 0.906 0.050 0.797 0.888 0.091 0.843 0.905 0.062 0.770 0.876 0.107 
D21S11 0.839 0.906 0.067 0.816 0.914 0.098 0.828 0.917 0.089 0.855 0.908 0.053 0.858 0.917 0.059 

D12S391 0.891 0.934 0.043 0.840 0.907 0.068 0.841 0.937 0.096 0.860 0.902 0.042 0.850 0.922 0.072 
D7S820 0.809 0.864 0.055 0.755 0.807 0.053 0.755 0.824 0.069 0.804 0.862 0.058 0.786 0.826 0.040 

D2S1338 0.882 0.905 0.022 0.861 0.903 0.042 0.854 0.937 0.083 0.878 0.930 0.052 0.890 0.954 0.064 
D2S441 0.761 0.809 0.047 0.790 0.851 0.061 0.790 0.819 0.030 0.733 0.795 0.062 0.742 0.795 0.053 

vWA 0.809 0.852 0.043 0.797 0.807 0.010 0.821 0.868 0.047 0.794 0.819 0.025 0.800 0.882 0.082 
D20S482 0.692 0.747 0.055 0.713 0.743 0.030 0.744 0.791 0.047 0.706 0.752 0.046 0.703 0.710 0.007 
D16S539 0.765 0.777 0.012 0.795 0.825 0.030 0.790 0.810 0.020 0.805 0.860 0.055 0.801 0.846 0.044 
D1S1656 0.904 0.922 0.018 0.818 0.831 0.012 0.860 0.904 0.044 0.882 0.898 0.016 0.856 0.905 0.049 
D4S2408 0.745 0.771 0.026 0.729 0.775 0.047 0.745 0.747 0.002 0.771 0.776 0.006 0.743 0.743 0.001 
PentaD 0.838 0.843 0.004 0.801 0.807 0.006 0.879 0.883 0.003 0.828 0.828 0.001 0.871 0.874 0.003 

D19S433 0.765 0.765 0.000 0.814 0.814 0.000 0.805 0.805 0.000 0.832 0.844 0.012 0.835 0.836 0.000 
D17S1301 0.657 0.657 0.000 0.714 0.719 0.005 0.648 0.649 0.001 0.668 0.668 0.000 0.621 0.625 0.004 

D18S51 0.875 0.876 0.001 0.865 0.865 0.000 0.907 0.907 0.000 0.826 0.832 0.006 0.874 0.876 0.002 
CSF1PO 0.730 0.732 0.002 0.722 0.726 0.004 0.764 0.765 0.001 0.714 0.714 0.000 0.793 0.794 0.001 

D6S1043 0.793 0.794 0.001 0.875 0.875 0.000 0.858 0.860 0.002 0.816 0.818 0.002 0.881 0.883 0.002 
PentaE 0.888 0.888 0.001 0.917 0.917 0.000 0.911 0.916 0.005 0.905 0.905 0.000 0.896 0.898 0.002 

FGA 0.863 0.863 0.000 0.856 0.856 0.000 0.864 0.865 0.001 0.865 0.865 0.000 0.879 0.881 0.003 
TH01 0.770 0.770 0.000 0.699 0.699 0.000 0.762 0.762 0.000 0.787 0.789 0.002 0.722 0.722 0.000 

D10S1248 0.766 0.766 0.000 0.765 0.766 0.000 0.783 0.766 0.000 0.769 0.766 0.000 0.811 0.766 0.000 
TPOX 0.616 0.616 0.000 0.574 0.616 0.000 0.725 0.616 0.000 0.721 0.616 0.000 0.781 0.616 0.000 
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Figure 4.5: Allelic gain by sequence compared to average gains in heterozygosity 

Different colours indicate the number of alleles observable by length (blue), repeat 

region sequence (RR, yellow) and flanking region sequence (FR, pink) across all five 

populations studied. The green line indicates average gain in heterozygosity, using a 

secondary Y axis, and STRs are listed in descending order of average increase in expected 

heterozygosity on the X axis as in Table 4.3. 

4.2.2.2. Match probability 

Another measure of locus diversity is match probability (MP), which is the probability 

that a person at random within a population would have a certain genotype [212, 219]. 

The lower the match the probability, the higher the power of discrimination of a locus. 

Table 4.4 compares the match probability values for the 26 loci in the five populations 

for length and sequence-based genotypes, and gives the combined MP for this marker 

set in each population. Including sequence variation for both the repeat and flanking 

regions made the average combined MP across all populations 2,756 times lower than 

looking at length-based alleles alone. The overall increase in heterozygosity and 

decrease in combined match probability when moving from length-based to sequence-

based allele differentiation prove the added value of sequencing STRs using MPS. 
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Table 4.4: Loci match probabilities for length and sequence-based allelic data 

For each population, length-based (LB), sequence-based (SB), and the decrease (Dec) in 

match probability is provided. Loci are listed in decreasing order of average decrease in 

match probability across all five populations. 
Locus White British British Chinese North East African South Asian West African 

 LB SB Dec LB SB Dec LB SB Dec LB SB Dec LB SB Dec 

D9S1122 0.138 0.058 0.080 0.131 0.078 0.053 0.151 0.047 0.104 0.141 0.052 0.089 0.132 0.065 0.067 

D3S1358 0.077 0.039 0.039 0.136 0.073 0.064 0.114 0.029 0.086 0.104 0.034 0.070 0.107 0.027 0.080 

D5S818 0.127 0.068 0.059 0.087 0.062 0.025 0.119 0.039 0.080 0.108 0.065 0.043 0.111 0.044 0.067 

D13S317 0.089 0.029 0.060 0.082 0.055 0.027 0.084 0.035 0.050 0.069 0.031 0.037 0.166 0.068 0.098 

D8S1179 0.073 0.034 0.038 0.042 0.021 0.022 0.071 0.025 0.045 0.050 0.022 0.028 0.089 0.031 0.058 

D2S441 0.094 0.059 0.035 0.084 0.044 0.040 0.078 0.051 0.026 0.111 0.070 0.041 0.107 0.072 0.035 

D7S820 0.066 0.038 0.028 0.101 0.057 0.045 0.098 0.054 0.044 0.066 0.037 0.029 0.081 0.054 0.027 

D20S482 0.148 0.102 0.046 0.131 0.103 0.028 0.109 0.073 0.036 0.133 0.096 0.037 0.130 0.123 0.007 

D21S11 0.049 0.021 0.028 0.058 0.017 0.041 0.053 0.018 0.036 0.041 0.020 0.021 0.041 0.017 0.024 

D12S391 0.026 0.012 0.014 0.049 0.018 0.031 0.048 0.011 0.037 0.038 0.020 0.017 0.043 0.016 0.027 

vWA 0.073 0.044 0.029 0.075 0.066 0.009 0.059 0.032 0.027 0.080 0.065 0.015 0.077 0.031 0.046 

D16S539 0.094 0.084 0.010 0.075 0.058 0.017 0.079 0.065 0.014 0.064 0.037 0.028 0.069 0.043 0.026 

D2S1338 0.029 0.020 0.008 0.042 0.025 0.016 0.041 0.011 0.030 0.034 0.013 0.021 0.027 0.009 0.018 

D4S2408 0.116 0.096 0.021 0.121 0.087 0.034 0.114 0.113 0.001 0.092 0.086 0.006 0.111 0.111 0.001 

D1S1656 0.023 0.016 0.006 0.056 0.052 0.004 0.042 0.023 0.019 0.029 0.024 0.006 0.042 0.020 0.022 

Penta.D 0.048 0.044 0.003 0.072 0.070 0.002 0.031 0.028 0.004 0.054 0.048 0.006 0.034 0.031 0.003 

D17S1301 0.187 0.187 0.000 0.122 0.120 0.002 0.171 0.171 0.001 0.166 0.166 0.000 0.207 0.201 0.007 

CSF1PO 0.121 0.119 0.002 0.139 0.135 0.004 0.092 0.091 0.001 0.142 0.142 0.000 0.077 0.077 0.001 

D19S433 0.087 0.087 0.000 0.066 0.066 0.000 0.062 0.062 0.000 0.050 0.043 0.006 0.056 0.056 0.000 

D6S1043 0.067 0.066 0.002 0.033 0.033 0.000 0.039 0.038 0.001 0.056 0.055 0.001 0.030 0.029 0.001 

D18S51 0.034 0.033 0.000 0.044 0.044 0.000 0.022 0.022 0.000 0.053 0.051 0.002 0.035 0.034 0.001 

FGA 0.039 0.039 0.000 0.042 0.042 0.000 0.039 0.039 0.001 0.038 0.038 0.000 0.031 0.029 0.002 

THO1 0.092 0.092 0.000 0.144 0.144 0.000 0.096 0.096 0.000 0.077 0.076 0.002 0.115 0.115 0.000 

D10S1248 0.098 0.098 0.000 0.096 0.096 0.000 0.081 0.081 0.000 0.092 0.092 0.000 0.063 0.063 0.000 

Penta.E 0.025 0.025 0.000 0.017 0.017 0.000 0.020 0.020 0.000 0.021 0.021 0.000 0.024 0.024 0.000 

TPOX 0.207 0.207 0.000 0.235 0.235 0.000 0.120 0.120 0.000 0.122 0.122 0.000 0.084 0.084 0.000 

Combined 2.08E-
30 

3.51E-
34 

 7.31E-
30 

3.51E-
33 

 4.51E-
31 

1.79E-
36 

 5.07E-
31 

4.76E-
35 

 4.39E-
31 

6.20E-
36 

 

 

4.2.3. Flanking region analysis of autosomal STRs 

As discussed in the previous chapter, it became clear when characterising autosomal 

STR alleles using MPS that there is considerably more variation in the repeat region of 

the amplicons compared to the flanking regions. It is important to understand what this 

means in terms of allelic frequencies and locus diversity, as this is in fact more important 

when looking at implementing and applying MPS data to forensic casework. When 

characterising flanking region variation, D7S820, D16S539, D20S482 and Penta D 

showed the most pronounced increase in allelic number, with flanking region variants 

accounting for approximately half of the characterised alleles for the first three STRs.   

4.2.3.1. Flanking region allele frequency distribution 

Figure 4.6 shows the distribution of allelic frequencies at D7S820 and D16S359 in two 

different populations, and the distribution of frequencies at a marker showing only 

variation in the repeat region, D2S1338, for comparison. SNP rs11642858, located 

within the flanking region of D16S539, is seen from 1000 Genomes data to be observed 

in East Asian populations at a frequency of 0.56 for the major allele and 0.44 for the 
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minor allele [185], suggesting that the inclusion of this SNP when analysing D16S539 STR 

alleles should significantly increase the allelic diversity.  Haplotypic data for this locus in 

the British Chinese population, as displayed in Figure 4.6, shows a different picture 

however, with the rs11642858 variant being highly associated with only a few STR 

alleles. It is observed with almost all 10 alleles and the majority of allele 9s, but rarely 

associated with an 11 or 12 allele and never observed with an allele number higher than 

12.  The result of this is that locus diversity is seen to only increase from 0.795 to 0.825 

in the British Chinese population when considering flanking region variation despite the 

added presence of a SNP showing high diversity at population level. This locus diversity 

increase is only slightly more pronounced in the West African population, going from 

0.802 to 0.846. A similar pattern is seen at locus D7S820, where it is again evident that 

specific flanking region SNPs are strongly associated with particular alleles, reflecting 

the evolutionary and mutational history of these variants. This was also observed to a 

certain extent at D12S391, as seen in Figure 4.2, where despite substantial sequence 

variation, the flanking region SNPs are once again strongly associated with particular 

allele length classes. A founder effect would lead to certain SNPs being highly associated, 

presumably, with the STR allele upon which they first arose, which were then only 

distributed to close alleles that are one, or at most two, mutational steps away. This is 

in contrast to much repeat region variation, especially for compound STRs such as 

D2S1338, where the increase of diversity can be quite pronounced, here increasing from 

0.890 to 0.954 when taking repeat region sequence variation into account in the West 

African population.  
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Figure 4.6: Distribution of allelic frequencies at D16S359, D7S820 and D2S1338 

For D16S359 and D7S820, the frequency of the most common repeat motif allele is 

shown in yellow, with other colours representing either repeat region (RR) variants or 

flanking region variants, where the rs number of the flanking region SNP is given. For 

D2S1338, which shows no flanking region variation, the different levels of repeat region 

variants are highlighted. 
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4.2.3.2. Effect of flanking regions on locus diversity  

Figure 4.7 shows the gains in heterozygosity split by repeat and flanking region 

sequences. Of the 15 loci which showed an average gain in heterozygosity of over 0.01 

(from the data in Table 4.3), 11 show an increase in heterozygosity compared to length-

based alleles almost exclusively due to repeat region variation. At D7S820, D16S539 and 

D20S482 the reverse is true, with gains in heterozygosity mostly linked to flanking region 

variation. This is concordant with the markers showing the highest gain in flanking 

region allele numbers in the previous chapter. Although the number of alleles observed 

at Penta D in the global sample set practically doubles due to flanking region variants, 

the effect of increased heterozygosity is negligible, highlighting once more that certain 

variants at specific loci are likely to be rare. D2S441 shows considerable population-

specific differences, with flanking region variants accounting for 50% of the increase in 

heterozygosity in the White British population but having little to no effect in the two 

African populations for example. The potential increase in diversity when analysing 

flanking region variation is much less pronounced than might be expected given the 

mutation rate of STRs and the accompanying initial assumption that flanking region 

variations would spread throughout the allele range of an STR marker. Of the 0.035 

increase in average STR marker diversity across all populations and all markers, when 

sequence information was considered, only 0.005 is attributed to flanking region 

sequences. 

The match probabilities of the combined 26 autosomal STR marker set when considering 

flanking region variation tells a similar story, with the average combined MPs going from 

2.16 X 10-30 to 2.73 X 10-33 and 7.82 X 10-34 for length-based, sequence-based without 

flanking regions and sequence-based with flanking regions respectively across all 

populations. This means that including the sequence variation within repeat regions 

made the average combined RMP 789 times lower than with length-based alleles alone. 

Including the sequence variation within the flanking regions only resulted in an average 

combined MP that a was further 3.5 times lower. This finding is similar to that of Delest 

et al., who observed combined MPs for the autosomal STRs in the ForenSeq DNA 

Signature Prep Kit in their French population data of 8.99 X 10-31, 7.12 X 10-34 and 7.12 X 

10-34  for length-based, sequence-based without flanking regions and sequence-based 

with flanking regions respectively [212]. 
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Figure 4.7: Gains in heterozygosity split by repeat and flanking region sequences 

The five populations are split into different graphs, showing the gain in heterozygosity 

when taking repeat region (RR, purple) and flanking region (FR, yellow) sequence-based 

allelic frequencies into account. The green line indicates average gain in heterozygosity 

across all populations. STRs are listed in descending order of average increase in 

expected heterozygosity on the X axis, and 11 loci with an average heterozygosity gain 

of under 0.01 are not represented.  
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4.2.3.3. Power of flanking region variation 

The results discussed so far indicate that flanking region variation is markedly less useful 

in terms of increasing the power of discrimination of the autosomal STR marker set 

studied than repeat region variation, making their power for forensic identification 

purposes limited. Flanking region analysis is more complex than repeat region analysis 

and complicates the naming of sequence-based alleles. This, in turn, makes it more 

difficult to compare results between different commercial kits, and may require analysts 

to have an in depth understand of allelic sequences rather than just being able to rely 

on a more standard format of allelic designation. The limited additional power of 

discrimination provided by STR flanking regions, as well as the complexity of analysis, 

has been highlighted in previously published research. Wendt et al. observed some 

flanking region variation at 6 autosomal STRs in the Yavapai population but note that 

with refinement of primer sequences for commercially available MPS kits, genomic 

coordinates for amplicons may change, influencing the exact flanking region sequence 

that may be seen at a target marker, making analysis more complicated [96].  

There does, however, remain advantages to having characterised these flanking region 

sequences and included them in sequence-based frequencies. First, as discussed in the 

previous chapter, using the full sequence available is vital for accurate allele 

characterisation, especially in relation to back compatibility with length-based allele 

designation. Secondly, there is no additional cost to looking at flanking regions save 

perhaps the added time to investigate them. It is likely that, in the future, commercial 

data analysis pipelines will incorporate flanking region sequences into the standard 

output of sequencing data – certain bio-informatic pipelines such as STRNaming do so 

already [128]. This in turn should remove some of the hurdles of flanking region analysis, 

and lead to a more global adoption of these sequences as part of MPS analysis. Finally, 

despite the fact that the inclusion of flanking regions has a limited impact on overall 

marker diversity and match probability, they may be useful in specific cases, in the same 

way as any other rare allele. At D16S539 in the British Chinese population for example, 

although the rs11642858 is rarely associated with an allele 11 as discussed earlier, this 

allele does have a frequency of 0.0289 in that population. If this allele was shared 

between two profiles in a criminal, relationship, or victim identification scenario, it could 

make a huge difference to resulting likelihood ratio – appreciably more so than an 11 
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allele by length (given there is no repeat region variation), which has a frequency of 

0.271 in the British Chinese population.  

4.3. Additional considerations 

4.3.1. Sample size 

Population DNA database are important to understand how rare a genetic profile might 

be. In an ideal world, a database used for identification would include STR genotypes 

from every individual within a population – but of course this is unlikely to be practical 

for cost and time reasons and would have serious ethical and legal implications to 

consider. The statistics used in forensic DNA analysis rely on the premise that data 

extracted from a subset of the population can be used to generate representative allelic 

frequencies, which in turn can be used to assess the rarity of genotypes. In 1992, 

Chakraborty discussed the need for large population databases to observe all possible 

genotypes for polymorphic marker systems used for individualisation, and wrote “… 

adequate estimation of genotypic probabilities must be based on allele frequencies, and 

the sample size needed to represent all possible alleles is far more reasonable” [21]. The 

key is therefore to collect results from enough individuals to reliably estimate the 

frequency of major alleles [220]. A population sample size of approximately 200 has 

been used as the recent benchmark for generating length-based allelic frequencies for 

current commercial kits, is estimated to encompass all common alleles, and provide 

their representative frequencies within a population. This benchmark is used globally, 

and is included in the UK Forensic Regulator guidance of 2020 [22], although they 

acknowledge that the latest ISFG guidelines do suggest an increased minimum of 500 

samples genotyped where possible [175]. The large number of sequence variants 

characterised at select markers with MPS brings into question the strategy for producing 

representative population data with this technology [98].  

4.3.1.1. How many samples are required? 

As shown earlier in this chapter, some of the common alleles detected at autosomal 

STRs are now drastically less common due to sequence-level variation, and so further 

research was needed to establish whether 200 samples were sufficient to capture all 

common sequence-based alleles. As described in the materials and methods chapter, 

sequence-based alleles were added to an internal database created to “name” 
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sequences. To gain an idea of how many samples must be typed to identify the common 

variants at any given STR locus, sample order was randomised, and “novel” alleles were 

recorded as they were added to the database (i.e. the first allele added is the first allele 

seen, the second allele would either be the same as the first, or a new allele etc.). The 

number of new sequence-based alleles were plotted against the total number of alleles 

sequenced. For markers showing limited diversity, such as TPOX or TH01, a very limited 

number of samples needed to be sequenced to capture the full breadth of variation for 

each locus. For highly polymorphic markers such a vWA and D12S391, new variants were 

regularly observed as more samples were sequenced. Figure 4.8 shows the number of 

alleles observed against alleles typed for four markers: TPOX, CSF1PO, vWA and 

D12S391. The graph for TPOX, which showed very limited allele diversity by size and no 

sequence-variation, indicates that 200 samples (i.e., 400 alleles) is more than sufficient 

for the line to “plateau”, meaning all expected alleles at any appreciable frequency 

within the population have been observed at this point, and no new alleles are 

discovered as more sample data is added. This is in contrast to the graphs for vWA and 

D12S391, which show that new variants are still being observed when 400 alleles have 

been typed, suggesting more samples need to be analysed to see the full range of 

commonly expected alleles for these loci. At vWA, a plateau is seen for some 

populations (North East African, green line and British Chinese, purple line), whereas all 

five populations show no decrease in the rate of new allele discovery for D12S391.  
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Figure 4.8: Number of individual alleles observed against number of alleles sequenced 

Sample order was randomised, and each newly observed allele plotted against the total 

number of alleles sequenced. The five differently coloured lines represent the populations 

studied, and all show the increase in number of alleles observed as more samples are 

sequenced. TPOX and CSF1PO were chosen as examples of low allelic diversity markers, 

whereas vWA and D12S391 were chosen as examples of highly polymorphic markers.  
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Sequencing hundreds more samples from each population to identify the ideal sample 

size was not operationally feasible, but a collaboration with the National Institute of 

Standards and Technology (NIST), USA, meant data could be shared and compared for 

this purpose. Results for a subset of the loci studied, from samples analysed at NIST (and 

subsequently published in [98]) were added to those of the samples sequenced in this 

work, for three sets of comparable population groups: White British and Caucasian; 

West African and African American; British Chinese and Asian. For ease of analysis and 

comparison, only repeat-region sequence-based alleles were considered. Results from 

this collaborative study demonstrate that the number of samples needed to capture the 

breadth of allelic variation is highly dependent on the individual marker and the extent 

of its sequence variability. Figure 4.9 shows that at vWA, adding more samples appears 

to achieve the expected plateau in the graph, suggesting that closer to 400 samples (i.e., 

800 alleles) need to be sequenced to see all common variation at this locus. Although 

the NIST dataset contained fewer East Asian samples than for the West African and 

White European groups, a levelling of the graph is still seen. The addition of alleles 

observed within the comparable population groups at NIST show that even above 1000 

alleles, i.e., 500 samples, novel alleles are still being discovered for D12S391. This marker 

was the most polymorphic within the 27 STRs studied, but as discussed earlier in this 

chapter, many of the “new” sequence-based alleles observed are quite rare and it is 

therefore perhaps unsurprising that all possible sequence variants have not yet been 

characterised.  
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Figure 4.9: Number of individual alleles observed against number of alleles sequenced 

including NIST data 

Combined results for the number of alleles observed plotted against number of alleles 

sequenced, including NIST data, for vWA (top) and D12S391 (bottom). The yellow box on 

the White European (White British + Caucasian), West African (West African + African 

American) and East Asian (British Chinese + Asian) graphs highlight allele 400 – after 

which all additional alleles sequenced are from the NIST data set. 
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Because of the nature of STRs, and their high genetic variability when accounting for 

sequence variation in particular, it is expected that certain loci will show a predominance 

of rare alleles. In their 1992 paper, Chakraborty wrote about VNTR allele distribution: 

“… even when the total number of alleles is large, the expected number of alleles having 

frequency p or above is generally below 10 for p=0.001, 0.01, or 0.05.” [21]. Although 

this was written about VNTRs, this is likely to be applicable to the highly polymorphic 

sequenced-based STR loci, and relates to the sample size needed to adequately estimate 

the frequency of all common alleles. If there is a very large number of alleles identified, 

this is not a problem so long as a majority (in this description, 10 or more) are considered 

rare.  In the combined dataset of 989 samples, all 26 loci meet Chakraborty’s description 

for p=0.05, i.e., none have 10 or more sequence-based alleles with an average global 

frequency of 0.05 or higher, highlighting the very large proportion of rare alleles in this 

dataset. Eight loci meet this description for p=0.01, meaning 16 out of the 26 loci have 

10 or more alleles with a frequency equal to or above 0.01. One locus meets the 

description for p=0.001, with all other loci (n=25) having 10 or more alleles with a 

frequency of 0.001 or higher. This locus is in fact TPOX, which is not very polymorphic 

and where only 9 alleles have been observed in total. The NIST dataset shows similar 

results, with no loci having 10 or more alleles with a frequency of 0.05 or higher, 10 loci 

matching the above description for p=0.01 and 5 loci for p=0.001. Gettings et al. remark 

on the fact that for several loci the finding is irrespective of sequence variation, stating 

that “There appear to be five loci for which sequencing will substantially increase the 

number of alleles beyond the expected range at the given p: D1S1656, D2S1338, 

D8S1179, D12S391, and D21S11” [98]. This is also the case in this work, for example with 

at locus D1S1656 which has 13 alleles with a frequency of above 0.001 when using 

length-based data, increasing to 37 alleles with a frequency of above 0.001 when using 

sequence-based data.  

Given the number of samples tested, for large population groups with high random 

mating, this study should represent the most common alleles and give reliable 

frequencies. Other populations with more substructure due to geographical, cultural, 

religious, linguistic, or other reasons, may benefit from further sampling. While the 

samples used should be representative of the British Chinese or South Asian 

populations, for example, they may not represent the diversity within these large 

geographical areas. Outside of the scope of this PhD, the samples in the CEPH panel 
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were analysed using the ForenSeq DNA Signature Prep kit [213]. The CEPH human 

diversity genome diversity is a sample set of 944 individuals from 51 globally distributed 

ancestral populations, including many populations not studied as part of this work such 

as Oceanian and Native American. At D12S391, as highlighted by the contributions to 

the STRSeq Bioproject, 69 of the same sequences were observed in the data from this 

project and that of the CEPH panel (97 and 96 submissions, respectively). The fact that 

such a high number of alleles were shared across both studies, despite substantial 

differences in population groups and sample size, gives high confidence that this study 

has captured the more common alleles for the population groups discussed herein. 

The STRSeq BioProject [139] will continue to accept submissions for novel alleles, and 

its future incorporation into a database such as STRidER [175] will help provide allelic 

nomenclature for novel alleles and population frequencies on a global scale. This is 

especially important for under-represented population groups, given that the majority 

of the results published so far focus on White European/Caucasian, Hispanic, East Asian 

and West African/ African American populations. In the meantime, an approach for 

minimum allele frequency may need to be adopted such as that currently used by many 

laboratories for rare alleles. This is often described as 5/2N, where N is the number of 

individuals sampled from a population. Additionally, or alternatively, as suggested by 

Phillips et al., a generalised minimum allele frequency of 1% could be applied from 

previously unobserved sequences [213]. 

4.3.2. Population specific alleles 

Due to genetic evolution, it is expected that certain alleles will be more widespread in 

some populations than others, such as the well documented prevalence of a 9.3 allele 

at TH01 in the Caucasian population [221], or of a 2.2 allele at Penta D which has a 

frequency of over 11% in the West African population [98]. It was assumed that this 

would also hold true for sequence-based alleles, although it is only now possible to easily 

investigate this through the use of MPS.  Gettings et al. [98] reported multiple examples 

of apparent population-specific enriched frequencies – where certain motif alleles had 

frequencies that were over 20% higher in one population compared to the others 

studied: D3S1358 in the African American population (TCTA TCTG [TCTA]n), a specific 9 

allele at D4S2408 in the Asian population (ATCT GTCT [ATCT]7), and D16S539 in the Asian 

population ([GATA]n rs11642858). This phenomenon was observed during this work, 
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where it also became apparent that certain alleles were seen only in one, or two more 

closely related, populations. Figure 4.10 shows the distribution of alleles at each locus 

according to how many alleles are seen in one, two, three, four or even all five 

populations. As expected, certain very common alleles are seen in all populations, such 

as allele 11 at TPOX which has a frequency of over 0.2 in the five population groups 

studied. At certain markers, there is a surprisingly high proportion of “population-

specific” alleles, such as at D19S433 where over half the alleles observed are only seen 

in one population.  

 

Figure 4.10: Number of discernible alleles at each locus, split by number of populations 

in which they have been recorded 

The number of discernible alleles at each autosomal STR locus studied are split into 5 

categories, from those observed in all five populations (yellow) to those seen in just one 

population (dark blue). This graph does not take into account the different 

characterisation of alleles (length-based or sequence-based), or their frequency within a 

population. 

For certain rare alleles, the fact that they are only seen once mean it is hard to draw any 

meaningful conclusions regarding their population specificity. At CSF1PO for example, 
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all variation observed where the sequence diverged from the traditional [AGAT]n motif 

was population specific, and only seen once or twice across the entire dataset, 

suggesting these could simply be one-off mutational events. The sequences were 

compared with alleles genotyped in the Caucasian, African-American and East Asian 

population samples published by NIST [98] and the University of North Texas (UNT) [63]. 

One allele, which was seen only once in a West African sample (allele 1202 [AGAT]8 ACCT 

[AGAT]3) was seen twice in the NIST African American population, and not in any other 

population. This suggests this sequence variant could be specific to the West African 

population, and once again demonstrates the utility of larger scale databases to properly 

capture all expected variation. 

Figure 4.11 illustrates the frequencies for all population-specific alleles observed across 

the 5 populations. The thicker the band, the more common the allele in the population 

it was recorded in. Certain alleles immediately jump out as being pointedly more 

common than others, despite the fact that they are only seen in one population. The 

thick band going from D19S433 in the South Asian population corresponds to allele 

1302, which has a frequency of 0.016 in this population (i.e. 6/378 alleles). Other notable 

common, population-specific alleles include one sequence-based allele at D5S818, 

observed at a frequency of 0.029 in the British Chinese population (11/396) and a 

sequence-based allele at D21S11, observed at a frequency of 0.037 in the West African 

population (n=16/404). The thick bands going from D18S51 to the two African 

populations correspond to the length-based .2 alleles at this marker. Neither Figure 4.10 

nor Figure 4.11 take into account the fact that some of the population specific alleles 

are length-based ones, and so this breakdown is shown in Figure 4.12. This figure shows 

that the vast majority of population specific alleles are in fact repeat-region sequence 

variants, although some of the highest frequency alleles in this category are length-

based alleles, such as an allele 5 by length at Penta D in the West African population 

(frequency of 0.067).  
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Figure 4.11: Sankey diagram for all population specific alleles 

The frequency for each population specific allele (alleles seen in only one population) for 

the 26 autosomal STRs is represented by a single line. The thicker the line, the higher the 

frequency of the allele within the population. On the right-hand side of the graph, the 

corresponding population in which each allele is observed is provided. 
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Figure 4.12: Frequency distribution for all population specific alleles 

STRs are ordered from left to right, top to bottom, in order of increasing overall frequency 

of population specific alleles. Within each STR “bin”, populations are provided from left 

to right in order of increasing overall frequency of population specific alleles. NB: For 

space, the following three markers had to be condensed: 1*- D9S1122, *2- TPOX, *3- 

D20S482. D10S1248 was not included as it does not show any population-specific 

variation. Please note that the scale on the Y axis is different between the two panels. 
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4.4. Discussion on population data  

Population databases such as the one discussed in this chapter will form an intrinsic part 

of the implementation of massively parallel sequencing in forensics. The sequence-

based allelic frequencies for all five population groups are now published, which enables 

equipped laboratories to use results obtained from MPS for DNA identification. 

Genotypes were verified and submitted to STRidER prior to publication in FSI: Genetics 

as a quality control method and have also contributed a large proportion of the initial 

STRSeq BioProject database for recording known sequence variants. This work 

complements other available sequence-based allelic frequency databases published by 

laboratories such as NIST, the University of North Texas, and the Institut National de 

Police Scientifique [98, 212, 222], but also fills a large data gap for the South Asian and 

North East African populations.  

The highly polymorphic nature of certain STRs, such as D12S391, brings into question 

whether all “common” variants have been found, but this is a global picture which will 

grow over time and as more data is submitted. Aside from being one of the earliest and 

most comprehensive studies published on sequence-based frequencies, they are known 

to also have been used by the DNA Analysis at King’s casework laboratory for live kinship 

relationship casework, as well as for further research outside of the scope of this PhD. 

Figure 4.13 shows an example of a real relationship testing case, where the two 

hypotheses were that the two individuals tested were either father-son or uncle-

nephew. Using an in-house panel of 44 CE-STRs, the likelihood ratio indicated a value of 

601 times in favour of the father-son hypothesis, which is an inconclusive result 

according to the internal guidelines set by DNA Analysis at King’s. By analysing the 

samples from this case using the ForenSeq DNA Signature Prep kit, and including 

sequence-based allelic variation, the likelihood ratio rises to 175,644,600 more likely in 

favour of the father-son hypothesis, and a result could be reported.  
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Figure 4.13: Parent vs avuncular relationship testing case 

Graph showing likelihood ratio (LR) values obtained when testing for a parent vs uncle 

relationship in a real relationship testing case. The case was analysed using the markers 

in the GlobalFiler STR kit, as well as an in-house panel of 44 CE-STRs, and the ForenSeq 

DNA Signature Prep kit. For the latter kit, length-based allelic frequencies, and sequence-

based allelic frequencies were applied. Data obtained from Dr. David Ballard, King’s 

College London (personal communication). 

The steps taken by the forensic community and guidelines to include flanking region 

sequences for all MPS-derived data came part-way through this project and involved re-

analysing results as described in the Materials and Methods chapter, and discussed in 

the previous results chapter. Although there is certainly a necessity to include these 

regions for accurate allelic designation, results for marker diversity and match 

probability indicate quite clearly that flanking regions add limited value to the power of 

MPS for autosomal STR analysis. In order to make use of what diversity these regions do 

bring, and to minimise the complexity of analysis, significant strides will be needed in 

the context of sequence-based allelic nomenclature, and bio-informatic strategies. The 

most valuable approach would appear to be the clear delineation of “start” and “stop” 

points, otherwise described as a range of bases upstream and downstream of the repeat 

region of STRs. This would enable compatible nomenclature across different commercial 

kits, and a standard format for reporting alleles from a bio-informatic standpoint. 

The presence of population specific alleles was an interesting observation to come out 

of this work and during the assembly of data. These will be explored further in the next 

chapter, with emphasis on whether this population segmented variation can be used 

in the context of ancestry determination. 
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5. ANCESTRY INFORMATIVENESS OF AUTOSOMAL STR 

AND ANCESTRY SNP MARKERS IN THE FORENSEQ DNA 

SIGNATURE PREP KIT 

5.1. Sample selection 

The same autosomal STR genotypes for 989 samples that were used to generate 

sequence-base allelic frequencies were used for this work, from the following five 

population groups: White British (n=207), British Chinese (n=193), North East African 

(n=198), South Asian (n=189) and West African (n=202). A subset of 47 samples from 

each population were selected at random for re-analysis for the ancestry informative 

SNPs in DNA Primer Mix B of the ForenSeq DNA Signature Prep kit. Following initial 

review using the Universal Analysis Software (UAS), samples with no drop out at any of 

the 56 ancestry-informative SNPs were taken forward for analysis for the White British 

(n=42), British Chinese (n=46), North East African (45), South Asian (n=39), and West 

African (n=47) populations. 

5.2. Using autosomal STRs for population differentiation 

The possibility of inferring bio-geographical ancestry using DNA markers with population 

differentiated variation provides an opportunity to verify eyewitness testimony, or in its 

absence, gain information about an unknown sample where no database match is 

obtained. Core autosomal STR loci, such as those included for analysis in kits for capillary 

electrophoresis or the ForenSeq DNA Signature Prep Kit, were chosen initially for a 

number of reasons, including their power of discrimination for individual identification. 

A number of studies have looked at the use of autosomal STRs for ancestry estimation, 

as presented in the introduction chapter of this thesis, but the overwhelming findings 

have been that a considerably larger number of non-core STR markers were needed for 

differentiation of global population groups. Londin et al. [140] assessed the ancestry 

estimation potential of the Identifiler kit but failed to differentiate a global sample set 

consisting of 7 populations. Phillips et al. were able to use the program STRUCTURE for 

ancestry assignment of the HGDP-CEPH panel into four global population groups 

(African, East Asian, American and European) using the 15 STR loci in Identifiler, with 5 
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additional extended-ESS STRs [170]. The addition of 34 ancestry-informative SNPs was 

required to adequately differentiate the 5th population group present in the subset of 

samples tested (Oceania). They also excluded the Middle East and Central-South Asian 

groups due to geographic proximity with the European group and consequential poor 

population differentiation. 

Although the authors of these papers, and others similar, present their results as not 

particularly promising for the future of autosomal STRs for ancestry estimation,  Chris 

Phillips makes a key point in his 2015 review: “Despite these results, it is important to 

explore how effectively core STRs can infer ancestry as the data is generated in almost 

all forensic tests” [148]. The primary focus, in the majority of forensic identification 

cases, is to identify the individual to whom a DNA profile belongs. It is only once the 

possibility of a profile comparison or database search has yielded no results that 

investigations may turn to the use of bio-geographical estimation. The theoretical 

possibility of getting this information from a sample that has already been extracted, 

amplified, and analysed is an attractive one, due to the lack of additional sample, cost 

and time required.  

As mentioned towards the end of the previous chapter, there are well known (and well 

documented) length-based alleles that are more prevalent in one population, such as 

the 9.3 allele at TH01 in the Caucasian population [221], or the 2.2 allele at Penta D 

which has a frequency of over 11% in the West African population [98]. There has been 

limited research on the presence of sequence-based population specific alleles due to 

the reduced number of population STR databases generated using massively parallel 

sequencing compared to capillary electrophoresis, but the results from this project 

suggest that there are in fact many sequence-based STR alleles whose frequencies are 

enriched in one population. Following on from this finding, this section will focus on the 

ancestry informativeness of the autosomal STRs in the ForenSeq DNA Signature Prep kit, 

and their power to distinguish ancestral populations. 

5.2.1. Currently available tools for ancestry estimation from STRs 

There are multiple tools available online which allow the upload of SNP genotypes for 

ancestry estimation, including the program FROG-kb which will be discussed further in 

section 5.3.2. Because STRs are not usually used for ancestry inference, there are limited 

options for genotype uploads from these markers. In recent years, Snipper, an online 
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Bayesian classifier established to analyse SNP data [223] was modified to accommodate 

STR profiles [148], meaning length-based autosomal STR genotypes can now be 

uploaded and used to classify the profile against a frequency-based training set. This 

training set contains the HGDP-CEPH panel frequencies for 32 autosomal STR markers 

for the following re-classified populations: Oceania, America, Europe, East Asia, Central-

South Asia, Africa, Middle East, evaluated by Phillips et al. [224]. The results for three 

samples chosen at random from the White British, North East African and South Asian 

populations are shown in Figure 5.1. The software was able to predict the White British 

sample’s European ancestry but struggled more with the other two population groups. 

 
Figure 5.1: Screenshot of results for a White British sample (top), a North East African 

sample (middle), and a South Asian sample (bottom) using Snipper 
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Another option available for ancestry estimation from STR data is PopAfiliator [173], 

which is a free online tool for evaluating population assignment of an individual’s 17 

locus STR profile. The website states that accuracy of individual population affiliation 

assignment to three population groups (Asia, Eurasia, sub-Saharan Africa) is 

approximately 90%. This decreases to 65% when five population groups are considered, 

due to the addition of two groups that are more genetically similar to the Eurasian group 

than the initial set (North Africa and Near East).  Length-based allelic genotypes for the 

same samples tested with Snipper were input into Popafiliator on a number of occasions 

but always returned an error message suggesting the website was not working, and so 

no results were obtained. Given the lack of South Asian samples in the database and 

under representation of African samples (1.42% sub-Saharan African and 1.43% North 

African), it is unlikely that this tool would have showed improved results compared to 

Snipper. The fact that both websites only allow the upload of length-based allelic data 

generally meant they would not be useful in the context of this research. 

5.2.2. Population differentiation using STRUCTURE 

To investigate whether autosomal STR data could be used to differentiate the five global 

populations studied in this work, genotypes for the 26 autosomal markers discussed in 

the previous two chapters were run through STRUCTURE (27 STRs in the ForenSeq DNA 

Signature Prep kit minus D22S1045). This program was used to discern genetic clusters 

based on individuals’ similarity or dissimilarity to others within the sample set, following 

the method described in Chapter 2. An initial aim was to check whether sequence-based 

alleles, particularly those including flanking region sequences, might be more useful for 

ancestry inference than length-based allelic data alone. Moriot et al. stipulate that 

haplotypes composed of slow and fast-evolving loci might combine the advantages of 

identity and ancestry-informative marker types [152]. The instability of STR markers has 

led to a large divergence in number of alleles in a population over time, whereas flanking 

region SNPs or insertions/ deletions should be more stable through the course of 

evolution, possibly allowing for greater conservation within populations.  

Analyses were run for all samples (n=989) using data for length-based alleles (Figure 

5.2), sequence-based without flanking regions alleles (Figure 5.3) and sequence-based 

with flanking regions included alleles (Figure 5.4). In these figures, each vertical line 

represents one sample, and the colour composition of that line reflects the proportion 
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of membership for each calculated genetic cluster. Colour assignments correspond to 

the population group with the largest membership in that cluster. Samples are grouped 

together by self-declared ancestry in the diagrams for simplicity, with the five 

populations separated by black lines. The K value for each STRUCTURE analysis refers to 

the number and patterns of genetic clusters found, and is user defined. STRUCTURE 

plots were run using K=2 to K=5 to see how many groups (/populations) the program 

could separate by genetic stratification of the data. K=6 was also run, to ensure no 

additional substructure was being picked up, which would possibly indicate sub-

populations. Although STRUCTURE is primarily a way of clustering individual samples 

rather than classifying them, looking at the number of samples which cluster incorrectly 

may provide a measure of the STR set for ancestry inference.  

The differences between STRUCTURE results obtained using length-based and 

sequence-based (RR and FR) data are discussed in the following sections in the context 

of the number of clusters differentiated, proportion of membership and incorrect 

cluster assignment.  
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Figure 5.2: STRUCTURE plots for the five populations, generated using length-based 

allelic data for 26 autosomal STRs in the ForenSeq DNA Signature Prep Kit 
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Figure 5.3: STRUCTURE plots for the five populations, generated using repeat region 

sequence-based allelic data for 26 autosomal STRs in the ForenSeq DNA Signature Prep 

Kit 
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Figure 5.4: STRUCTURE plots for the five populations, generated using sequence-based 

allelic data which includes flanking region sequences for 26 autosomal STRs in the 

ForenSeq DNA Signature Prep Kit 
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5.2.2.1. K number of clusters 

When applying K=2, it is clear that the software is able to distinctly separate the African 

populations from the others, highlighting the genetic dissimilarity between African and 

non-African ancestral populations. STRUCTURE defines genetic clusters without prior 

knowledge of population affiliation, hence the fact that the African populations has 

been successfully separated confirms that the STRs provide good African: Non-African 

differentiation. The next cluster to be distinguished with K=3 is the British Chinese. With 

K=4, the trend differs between the length-based and sequence-based plots, with the 

former separating a cluster for the North East African group whilst the two sequence-

based plots differentiate the South Asian group first. Whether using length-based or full 

sequence-based allelic data (including flanking regions), STRUCTURE appears to be able 

to distinguish 5 (i.e., K=5) distinct genetic clusters, which correspond to the five ancestral 

population groups. In order to confirm which value of K best represented the data in a 

more objective way, results from STRUCTURE were uploaded to STRUCTURE Harvester 

[225]. One of the plots produced by this program provides an indication of how likely 

each K value tested is, as shown in Figure 5.5 and Figure 5.6 for the length-based and 

full sequence-based allelic data.  

 

Figure 5.5: STRUCTURE Harvester plot showing the mean likelihood of K for length-

based allelic data 
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Figure 5.6: STRUCTURE Harvester plot showing the mean likelihood of K for sequence-

based data (including flanking regions) 

The results from STRUCTURE Harvester confirm what could be seen the STRUCTURE 

plots for K=2 to K=6, which is that a partition of the data into 5 genetic clusters is the 

most likely scenario. From here on, STRUCTURE data focusses on plots generated using 

a k=5 assumption. 

5.2.2.2. Proportion of membership 

For all STRUCTURE analyses run with K=5, the average proportion of membership of 

each pre-defined population in each of the 5 clusters was extracted from the results file 

and collated in Table 5.1. This provides the average proportion of membership 

coefficient for the samples in each population group (listed in the first column) assigned 

to each of the five clustered inferred with K=5. A proportion of membership of 1 would 

indicate 100% assignment to one cluster. For example, the samples in the White British 

group have an average proportion of membership of 0.73 to cluster 1 in the STRUCTURE 

plot run with length-based allelic data, whereas this goes up to 0.83 when taking full 

sequence-based allelic data into account. Overall, the strongest average proportion of 

membership for each group (highest value assigned to one cluster) for all groups occur 

when including flanking region variation, apart from the North East African group where 

membership of population drops by 0.002 when going from repeat region alleles to 

flanking region data. These results can be better visualised in Figure 5.7 . 
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Table 5.1: Proportion of membership for each of the 5 clusters inferred with K=5 

STRUCTURE analyses were run for length-based (LB), sequence-based including just 

repeat region (SB-RR) and sequence-based including flanking regions (SB-FR). The 

proportion of membership for the correct cluster is highlighted in colours matching the 

colours used for earlier STRUCTURE plots. 
  

Inferred Clusters 
Given 
Population 

STRUCTURE 
Run 

1 2 3 4 5 

White British 

LB 0.733 0.05 0.047 0.146 0.024 

SB-RR 0.823 0.032 0.019 0.111 0.015 

SB-FR 0.831 0.028 0.019 0.106 0.016 

British Chinese 

LB 0.048 0.822 0.049 0.059 0.022 

SB-RR 0.034 0.876 0.033 0.042 0.015 

SB-FR 0.03 0.887 0.032 0.036 0.016 

North East 
African 

LB 0.064 0.038 0.708 0.087 0.103 

SB-RR 0.044 0.024 0.799 0.06 0.073 

SB-FR 0.041 0.024 0.797 0.063 0.075 

South Asian 

LB 0.173 0.153 0.037 0.608 0.029 

SB-RR 0.162 0.094 0.023 0.699 0.021 

SB-FR 0.154 0.09 0.022 0.713 0.021 

West African 

LB 0.037 0.027 0.067 0.035 0.834 

SB-RR 0.024 0.016 0.053 0.021 0.886 

SB-FR 0.024 0.015 0.046 0.021 0.895 

 
Figure 5.7: Proportion of membership of each cluster for each of the 5 pre-defined 

populations 

The main inferred cluster for each pre-defined population group is colour coded, with all 

other cluster assignments shown in a more transparent colour. 
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5.2.2.3. Incorrect cluster assignment  

Although promising in terms of population differentiation, a number of samples in each 

population group are still being assigned incorrect cluster membership. Phillips et al. 

measured the relative ability of a forensic STR set to differentiate ancestries by 

measuring group misclassification, defined as the number of samples with less than 0.5 

group membership proportion for their true population of origin [170]. In the White 

British population, 18 samples out of 207 did not achieve a proportion of membership 

higher than 0.5 for the correct cluster (sequence data including flanking regions). A 

similar phenomenon was seen in the British Chinese (4/193), North East African 

(27/198), South Asian (37/189) and West African (8/202) population groups. These 

numbers, and the more general assignment results presented in Figure 5.7 and Table 

5.1 above also highlight the fact that certain populations are considerably easier to 

genetically separate from the others, namely the West African and British Chinese. 

Although some of these samples don’t show a proportion of membership coefficient 

higher than 0.5 for any of the groups, 67 samples in total appear to show assignment to 

the wrong cluster and are shown in Table 5.2.  This will be investigated further in the 

context of ancestry estimation, but is already an important improvement over the fact 

that with the length-based data, 185 samples do not have a proportion of membership 

higher than 0.5 for the correct cluster, with 108 of these having a coefficient of over 0.5 

for the wrong cluster.  

These values effectively correspond to the samples represented by the “wrong” colour 

in the STRUCTURE plots seen earlier. One example of this is the White British sample 

WB85 which shows a proportion of membership of over 0.95 to the cluster associated 

with the South Asian samples. Figure 5.8 shows a zoomed in view of the STRUCTURE plot 

for the British Chinese (flanking region sequences, K=5) and displays quite clearly the 

two samples which have a high proportion of membership for the incorrect clusters that 

are in Table 5.2. The vast majority of samples are assigned to one cluster associated with 

the British Chinese population group, represented in dark purple. One sample is 

represented as a mostly burgundy line, sample BC275 from the table below, which has 

a coefficient of 0.859 for the cluster associated with South Asian samples. Another 

sample had a coefficient of 0.716 for the cluster associated with White British samples 

and is visualised as a blue line on the plot.  
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Table 5.2: Samples with a proportion of membership of > 0.5 for the incorrect cluster 

For each sample, the value in black corresponds to the proportion of assignment for the 

correct cluster, and the value in red corresponds to the highest proportion of 

assignment. All other values are shown in grey. WB= White British, BC= British Chinese, 

NEA= North East African, SA= South Asian, WA= West African. 
Sample Population 1. WA 2. WB 3. NEA 4. SA 5. BC 

WB4 WB 0.004 0.271 0.007 0.680 0.038 
WB15 WB 0.021 0.235 0.016 0.719 0.009 
WB35 WB 0.021 0.118 0.007 0.830 0.024 
WB51 WB 0.006 0.069 0.006 0.874 0.045 
WB85 WB 0.008 0.019 0.009 0.957 0.007 

WB114 WB 0.011 0.045 0.020 0.916 0.008 
WB148 WB 0.063 0.244 0.054 0.601 0.038 
WB154 WB 0.012 0.291 0.022 0.601 0.074 
WB158 WB 0.007 0.339 0.087 0.560 0.006 
WB166 WB 0.014 0.063 0.018 0.886 0.018 
WB191 WB 0.005 0.170 0.005 0.790 0.030 
WB193 WB 0.008 0.376 0.007 0.585 0.025 
WB197 WB 0.026 0.143 0.132 0.183 0.516 
BC275 BC 0.021 0.065 0.035 0.859 0.020 
BC395 BC 0.006 0.716 0.047 0.019 0.213 

NEA404 NEA 0.910 0.026 0.011 0.041 0.012 
NEA409 NEA 0.635 0.037 0.025 0.133 0.170 
NEA429 NEA 0.007 0.284 0.061 0.628 0.020 
NEA438 NEA 0.167 0.131 0.134 0.557 0.012 
NEA439 NEA 0.024 0.019 0.372 0.512 0.073 
NEA447 NEA 0.038 0.037 0.057 0.852 0.016 
NEA465 NEA 0.800 0.018 0.173 0.004 0.005 
NEA474 NEA 0.289 0.032 0.006 0.663 0.010 
NEA475 NEA 0.232 0.171 0.165 0.360 0.072 
NEA477 NEA 0.851 0.016 0.039 0.019 0.076 
NEA478 NEA 0.197 0.698 0.020 0.043 0.042 
NEA496 NEA 0.123 0.599 0.022 0.060 0.196 
NEA508 NEA 0.873 0.011 0.085 0.018 0.013 
NEA519 NEA 0.074 0.025 0.015 0.826 0.060 
NEA525 NEA 0.537 0.160 0.101 0.049 0.153 
NEA558 NEA 0.023 0.047 0.117 0.743 0.069 
NEA576 NEA 0.077 0.019 0.061 0.838 0.005 
NEA580 NEA 0.628 0.162 0.075 0.105 0.029 
SA606 SA 0.013 0.768 0.018 0.132 0.069 
SA609 SA 0.006 0.019 0.010 0.370 0.594 
SA613 SA 0.012 0.770 0.009 0.179 0.030 
SA615 SA 0.009 0.875 0.006 0.088 0.022 
SA617 SA 0.102 0.164 0.042 0.091 0.601 
SA627 SA 0.052 0.583 0.034 0.318 0.013 
SA629 SA 0.078 0.747 0.031 0.073 0.071 
SA639 SA 0.015 0.655 0.008 0.313 0.009 
SA647 SA 0.005 0.519 0.011 0.396 0.068 
SA651 SA 0.005 0.041 0.005 0.275 0.675 
SA672 SA 0.018 0.086 0.009 0.343 0.544 
SA678 SA 0.008 0.878 0.010 0.093 0.011 
SA693 SA 0.007 0.820 0.009 0.150 0.014 
SA702 SA 0.005 0.529 0.007 0.142 0.317 
SA703 SA 0.009 0.855 0.012 0.110 0.015 
SA716 SA 0.013 0.010 0.036 0.387 0.554 
SA720 SA 0.019 0.143 0.022 0.285 0.531 
SA733 SA 0.024 0.081 0.024 0.094 0.777 
SA736 SA 0.014 0.013 0.031 0.013 0.928 
SA744 SA 0.020 0.704 0.177 0.030 0.068 
SA746 SA 0.014 0.887 0.009 0.069 0.022 
SA758 SA 0.016 0.888 0.007 0.077 0.012 
SA760 SA 0.013 0.801 0.012 0.143 0.031 
SA762 SA 0.008 0.519 0.125 0.339 0.010 
SA763 SA 0.967 0.004 0.016 0.008 0.005 
SA768 SA 0.184 0.397 0.037 0.092 0.290 
SA769 SA 0.014 0.123 0.036 0.261 0.565 
SA774 SA 0.004 0.834 0.004 0.147 0.012 
SA778 SA 0.018 0.733 0.107 0.114 0.028 
SA779 SA 0.012 0.840 0.030 0.081 0.037 
WA816 WA 0.296 0.014 0.674 0.011 0.004 
WA871 WA 0.374 0.071 0.009 0.537 0.010 
WA945 WA 0.037 0.010 0.922 0.024 0.008 
WA950 WA 0.066 0.138 0.628 0.058 0.110 
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Figure 5.8: Enlarged view of the British Chinese population group in STRUCTURE  

Zoomed in view of the STRUCTURE plot for the British Chinese (taken from Figure 5.4 

flanking region sequences, K=5). 

A more realistic indication of the rate of incorrect assignment would be to use a more 

conservative proportion of membership coefficient as the cut-off. If a proportion of 

membership to the correct cluster of over 0.7 is taken as a “correct” population 

assignment, with anything below classifying as “inconclusive”, 84% of samples (832 out 

of 989) are assigned to the correct group. This is a noteworthy improvement to the 

length-based data and a very slight improvement over the repeat-region sequence-

based data, where 72% (719 out of 989) and 83% (818 out of 989) of samples are 

assigned correctly, respectively. The number of samples which are assigned to the 

incorrect group with over 0.7 proportion of membership is inversely related, with 56 

samples being assigned the wrong group for length-based data, 38 samples with the 

repeat-region sequence-based data, and 35 samples being assigned incorrectly for the 

full flanking region sequence-based data. This is equivalent to a general error rate of 

3.5% for this STR set’s ability to assign correct group membership.  

Of the three samples tested with Snipper, the two which the software was unable to 

classify were also specifically checked. The North East African sample which had a 

predicted admixture of 57% African and 25% European has a proportion of membership 

for the North East African cluster of 0.94 with the sequence-based (FR) STRUCTURE run. 

This sample already has a proportion of membership of 0.91 with length-based data 

alone, suggesting perhaps that the loci targeted by the ForenSeq DNA Signature Prep kit 

for which frequencies are not available for the Snipper estimation are useful for this 

CLUMPAK main pipeline - Job 1588084934 summary
Major modes for the uploaded data:

K=2
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K=4

K=5

K=6

Minor modes for the uploaded data:

Division of runs by mode:
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K=4 1/1
K=5 1/1
K=6 1/1
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population. More likely, the poor classification by Snipper is due to the lack of North East 

African samples included in the African population training set (n=103), where most 

samples are in fact West African. The second sample was a South Asian sample with a 

predicted admixture of 45% for both the Central-South Asian and European populations. 

This sample has a proportion of membership of over 0.5 for the incorrect cluster (White 

British) in the length-based data STRUCTURE run, but this changes to 0.59 for the correct 

cluster (South Asian) in the sequence-based (FR) run, suggested the improved ancestry 

inference when taking sequence variation into account. 

With 84% of samples assigned to the correct cluster according to the five pre-

determined population groups, and over 90% of samples assigned for the correct cluster 

with a proportion of 0.5, it is fair to state that there is ancestry-informative data within 

the autosomal STR results for this dataset. The following section will look at improving 

the percentage of samples that are correctly assigned, as well as reducing the number 

of samples that are assigned to an incorrect population.  

5.2.3. Ancestry informativeness, In 

It has been stipulated that the use of highly informative markers can reduce the amount 

of genotyping required for ancestry inference, as using markers with the highest level of 

informativeness can reduce the number of overall markers needed [198]. The number 

of markers analysed in this dataset form a commercial panel, and are therefore always 

amplified together, so it is not a case of needing to reduce the number of markers. 

However, the use of highly uninformative markers (expected given the loci type, 

autosomal STRs), could be adding noise to the STRUCTURE plots presented above. In 

order to assess the ancestry informativeness of the autosomal STR loci studied, and 

therefore identify which contribute more meaningfully to the population clustering in 

the STRUCTURE plots, the Informativeness for Assignment value, In, was calculated for 

each locus. The In metric is highly correlated to the fixation index (FST), which is often 

used to measure population differentiation of SNPs [148], but is better suited for multi-

locus data according to Rosenberg et al. [198]. Table 5.3 shows the In values for all loci 

when comparing the five population groups at once. The table highlights the top 6, 12 

and 24 most informative markers ahead of further analysis. This table shows that the 

ancestry informativeness of all markers increase when taking sequence variation into 

account. Xu et al. state that In values of over 0.2 can be considered as “the signal of very 
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great genetic difference between populations.”[226], and the results presented here 

show that no length-based locus data gave an In of above 0.2.  

Table 5.3: In values for all markers 

In values are given for 26 loci, across the 5 population groups studied, using length-based 

(LB), sequence-based repeat-region (SB-RR) and sequence-based flanking-region (SB-FR) 

data. 

    5 pops LB 5 pops RR 5 pops FR 

    Locus In Locus In Locus In 
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e Penta D 0.168 D21S11 0.320 D21S11 0.320 

Penta E 0.163 D2S1338 0.300 D2S1338 0.300 
D1S1656 0.147 D12S391 0.248 D12S391 0.261 
D18S51 0.145 D1S1656 0.220 D1S1656 0.220 
TH01 0.117 D13S317 0.203 D13S317 0.216 
D2S441 0.113 vWA 0.199 vWA 0.199 

 D13S317 0.110 D3S1358 0.184 Penta D 0.195 

 D2S1338 0.103 Penta D 0.173 D3S1358 0.185 

 D19S433 0.100 Penta E 0.173 D2S441 0.177 

 D6S1043 0.092 D8S1179 0.161 Penta E 0.173 

 FGA 0.091 D2S441 0.156 D8S1179 0.161 
  D12S391 0.090 D18S51 0.147 D18S51 0.149 

  D21S11 0.087 D4S2408 0.145 D4S2408 0.145 

  D4S2408 0.080 D5S818 0.125 D5S818 0.125 

  TPOX 0.079 TH01 0.117 TH01 0.118 

  D5S818 0.078 D19S433 0.111 D7S820 0.116 

  vWA 0.074 D6S1043 0.109 D6S1043 0.112 
    D8S1179 0.074 FGA 0.107 D19S433 0.112 

  D10S1248 0.061 D9S1122 0.088 FGA 0.107 

  CSF1PO 0.061 TPOX 0.079 D9S1122 0.088 

  D7S820 0.051 CSF1PO 0.065 D16S539 0.084 

  D3S1358 0.034 D10S1248 0.061 TPOX 0.079 

  D16S539 0.030 D7S820 0.058 CSF1PO 0.065 
    D20S482 0.030 D17S1301 0.034 D10S1248 0.061 

   D17S1301 0.029 D20S482 0.032 D20S482 0.051 
      D9S1122 0.028 D16S539 0.031 D17S1301 0.034 

 

Penta D is the marker with most ancestry informativeness when only accounting for 

length-based data, which is unsurprising given the known prevalence of specific length 

variants such as the 2.2 and 3.2 alleles in the African populations. Interestingly, these 

are not true length variants and are in fact caused by a 13 base pair deletion in the 

flanking region. This makes these alleles particular in the sense that they combine a 

slowly mutating marker (the deletion) and a faster mutating one (the STR), which had 

been suggested to be beneficial in the context of population-specific allelic enrichment 
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[152]. When adding sequence-based data, Penta D is far outstripped in terms of ancestry 

informativeness by other markers. The marker showing the most pronounced increase 

in In is D21S11, which is also one of the marker showing the highest level of sequence 

variation as discussed in Chapter 3, and highest expected heterozygosity as discussed in 

Chapter 4.  There is little difference when adding the flanking regions in, although the 

markers showing the most increase in In do correlate with those showing the most 

variation in the flanking regions: D7S820, D16S539, D20S482 and Penta D. The 

improvement in In at D7S820 due to the addition of flanking region data even pushes it 

out of the 6 least informative markers in the set.  

Despite the limited improvement in ancestry informativeness of the markers when 

including flanking region information compared to repeat region alone, the decision was 

made to use the full sequence, including these regions, going forward for analysis. Given 

the fact that all sequences were characterised in the previous chapters, and there is no 

additional time or cost consideration, there would be no reason to not use the full 

spectrum of data available.  

The 3 most informative markers for differentiating the five population groups using full 

sequence-based allelic data are D21S11, D2S338 and D12S391, which corresponds to 

the 3 markers showing the highest frequency of population specific alleles discussed in 

the previous chapter. Figure 5.9 shows the allelic frequency distribution across the 

different populations for two loci on opposite ends of the In spectrum. The frequencies 

for D17S1301 clearly show that there is very little divergence in distribution across the 

different populations, supporting the result that it has the lowest ancestry informative 

coefficient. D1S1656 was chosen as an example of very informative marker for ease of 

visualisation as it has a relatively high In value for length-based as well as sequence-

based allelic data. These results clearly indicate that divergence in loci informativeness 

is dictated by contrasting allelic frequencies between populations 
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Figure 5.9: Autosomal STR frequency distribution for D1S1656 and D17S1301 

Allelic frequency distribution for D1S1S656 (left panels) and D17S1301 (right panels) in 

all five populations. The X axis for each graph provides the length-based alleles, and 

frequencies are divided in sequence-based alleles where appropriate using shading. 
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5.2.3.1. Loci of most and least informativeness 

Figure 5.10 shows the STRUCTURE plots run using data for the 6, 12 and 24 most 

informative STR markers (highest In), as well as for the 6, 12 and 24 least informative STR 

markers (lowest In). From looking at these plots, there does not appear to be much 

difference between the 24 most and 24 least informative markers, or with the plot 

generated using data for all 26 markers. The difference is markedly more apparent 

between the top and bottom 6 informative markers, which is to be expected.  
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STRUCTURE plot, 26 autosomal STR data, K=5 

Highest In markers 

 
STRUCTURE plot, 24 highest In autosomal STR data, K=5 

 
STRUCTURE plot, 12 highest In autosomal STR data, K=5 

 
STRUCTURE plot, 6 highest In autosomal STR data, K=5 

Lowest In markers 

 
STRUCTURE plot, 24 lowest In autosomal STR data, K=5 

 
STRUCTURE plot, 12 lowest In autosomal STR data, K=5 

 
STRUCTURE plot, 6 lowest In autosomal STR data, K=5 

Figure 5.10: STRUCTURE plots for highest and lowest In markers 

These STRUCTURE plots were constructed using data for all five populations and 

autosomal STR genotypes for the highest 6, 12 and 24 most ancestry informative 

markers based on In, as well as the lowest 2, 12 and 24 least ancestry informative 

markers. 
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The average proportion of membership, generated by STRUCTURE for each population 

group with varying number of markers, is shown in Figure 5.11. Although only the 

STRUCTURE plots for the top 6, 12 and 24 most informative loci are shown above, they 

were run for more combinations of markers when it became apparent that the “ideal” 

number of markers could be somewhere between 12 and 24. With the data for the 6 

most informative markers, the average proportion of membership for the White British 

samples is of just over 0.5 for the cluster associated with the White British population. 

This jumps to over 0.7 when using the 12 most informative loci, and over 0.8 when using 

data from the top 22-26 loci. Interestingly, Figure 5.11 also shows that it is virtually 

impossible to distinguish the North East African from the West African clusters with the 

top 6  most informative markers, as 50% of the West African samples effectively have a 

proportion of membership to the same cluster as the majority of the North East African 

samples (in green). Overall, the figure suggests that there is little difference in terms of 

proportion of membership between using data for the 22 most informative markers and 

all 26 markers. 

 
Figure 5.11: Proportion of membership obtained using top 6, 12, 21, 22, 24 most 

informative loci, as well as all 26 loci 
The main inferred cluster for each pre-defined population group is colour coded, with all 

other cluster assignments shown in a more transparent colour. 
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The White British samples have the highest proportion of membership to the correct 

cluster when using data for all 26 loci (0.83). This is also the case for the West African 

samples and British Chinese samples, which have an average proportion of membership 

of 0.90 and 0.91 when using all 26 loci, respectively. The North East African and South 

Asian samples appear to have the highest proportion of membership when using 24 loci 

(0.80 and 0.72, respectively) – suggesting that removing data for the two markers with 

the lowest In, D20S482 and D17S1301, helps push the assignment in the right direction 

for these two groups. Using 22 loci led to the same results as 24 loci for the North East 

African cluster, but when decreasing the number of loci used beyond that, the 

proportion of membership decreased for all population groups.  

Figure 5.12 shows the proportion of membership to the correct cluster for all White 

British and North East African samples when using data for all 26 loci compared to that 

of the top 22 and 24 most informative loci. These graphs show that removing 2 or 4 loci 

does appears to improve ancestry inference for some of the samples in the North East 

African population, but overall does not show a substantial improvement over using the 

data from all 26 loci targeted, as expected from the average proportion of membership 

plots. One sample in the White British population group stands out, which has a 

proportion of membership of 0.7 when using results from 26 loci, which goes down to 

below 0.3 when using results for the top 22 or 24 loci. For the latter two STRUCTURE 

runs, this sample appears to have a proportion of membership exceeding 0.7 for the 

South Asian population. The reason for this occurrence is unknown, although all alleles 

seen at the two markers removed from the 24 loci run for that sample did have alleles 

that are more common in the White British population than the South Asian one. 
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Figure 5.12: Proportion of membership of White British and North East African samples 

to the correct cluster using differing number of loci of most informativeness 

Each line represents a White British (top) or North East African (bottom) sample, which 

are ordered in decreasing proportion of membership for the correct cluster using data 

from all 26 loci (blue bars). Pink and yellow scatter dots are used to represent proportion 

of membership for the correct cluster when using the 24 and 22 loci of highest 

informativeness, respectively.  
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When looking at the initial STRUCTURE run generated using data for the 26 autosomal 

STR loci, there were 67 samples that had a proportion of membership of above 0.5 for 

the incorrect cluster (Table 5.2). Of these, 35 were assigned to the incorrect cluster with 

over 0.7 proportion of membership. The assignment for these 35 samples in the 

STRUCTURE runs generated using the top 22 and 24 most informative loci was plotted 

against the results for the 26 loci run and is shown in Figure 5.13.  

 
Figure 5.13: Proportion of membership for incorrectly assigned samples 

This graph shows the proportion of membership for 35 samples which were assigned to 

the incorrect cluster in the 26 loci STRUCTURE run. Bars above 0 on the Y axis represent 

proportion of membership for the correct population cluster, whilst anything below 0 

indicates proportion of membership for the incorrect population. Dots denote the 

proportion of membership for these samples for the same two populations when looking 

at the 24 and 22 loci STRUCTURE runs (pink and yellow, respectively). Colour coding is 

consistent with cluster colouring in previous graphs (White British: blue; British Chinese: 

dark purple; North East African: dark green; South Asian: plum and West African: orange) 
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Reducing the number of loci appears to improve ancestry inference for some of these 

samples. Notably, the proportion of assignment for sample SA693 to the correct, South 

Asian cluster goes from 0.15 to 0.56 when looking at the 24 loci run and inversely, the 

proportion of membership for the White British cluster falls below 0.5. None of the 

proportion of membership values for the correct cluster change enough to reach 0.7 

however, making the results for these sample inconclusive.  Using data for the top 24 

and 22 most informative loci leads to the number of these particular samples assigned 

to the incorrect cluster dropping to 30 and 26, respectively. Whilst this seems promising 

initially, across the whole dataset, some samples which had previously not been 

incorrectly classified now have a proportion of membership of over 0.7 for the wrong 

cluster, as previously mentioned for the White British sample example. The total 

number of incorrectly classified samples therefore only drops to 34 for the 24 STR 

analysis and 32 for the 22 STR analysis, showing once again the limited value of reducing 

marker numbers.  

5.2.3.2. Pairwise comparisons 

The results presented so far indicate that certain populations are harder to differentiate 

than others. In particular, the White British and South Asian populations have the 

greatest number of samples misclassifying between the two clusters. In values were 

calculated between all pairs of populations to see if any of the loci score highly at 

ancestry informativeness between a pair of populations that does not score highly when 

comparing all five populations simultaneously. Table 5.4 shows the In values for all 

markers for all pairs of populations.  
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Table 5.4: In values for pairs of populations 

Ancestry informativeness coefficient was calculated for the 26 autosomal STRs studied 

between pairs of populations. The colour coding was kept as in Table 5.3, with the 

markers in darker green corresponding to high In values when looking at all five groups.  

 
White British & 
British Chinese 

White British & North 
East African 

White British & 
South Asian   

White British  & 
West African   

British Chinese & 
North East African   

Locus I_n Locus I_n Locus I_n Locus I_n Locus I_n 

D13S317 0.188 D21S11 0.191 D2S1338 0.118 D21S11 0.220 D21S11 0.247 

TH01 0.146 D2S1338 0.188 D1S1656 0.105 Penta D 0.217 D2S1338 0.229 

D12S391 0.144 D12S391 0.167 D12S391 0.078 D12S391 0.186 D13S317 0.186 

D1S1656 0.132 D8S1179 0.150 D16S539 0.067 D3S1358 0.171 D1S1656 0.172 

D21S11 0.131 D1S1656 0.140 D21S11 0.065 D2S1338 0.165 D12S391 0.164 

Penta E 0.127 vWA 0.122 D8S1179 0.060 D8S1179 0.164 D4S2408 0.163 

D2S441 0.123 Penta D 0.107 Penta E 0.057 D1S1656 0.149 D2S441 0.159 

D2S1338 0.117 D3S1358 0.093 D19S433 0.050 vWA 0.135 vWA 0.153 

D7S820 0.112 D18S51 0.089 D13S317 0.046 D2S441 0.121 D5S818 0.122 

D6S1043 0.091 FGA 0.086 D2S441 0.045 D19S433 0.119 D18S51 0.116 

D8S1179 0.090 D4S2408 0.081 D18S51 0.037 Penta E 0.113 D3S1358 0.114 

vWA 0.088 D2S441 0.080 TH01 0.033 D13S317 0.101 D7S820 0.113 

D4S2408 0.073 D5S818 0.079 vWA 0.033 TPOX 0.095 Penta D 0.096 

D16S539 0.066 Penta E 0.067 D3S1358 0.032 TH01 0.092 Penta E 0.089 

D3S1358 0.064 TH01 0.062 FGA 0.029 D6S1043 0.092 D8S1179 0.089 

D5S818 0.059 D6S1043 0.048 Penta D 0.027 D4S2408 0.092 D9S1122 0.085 

D19S433 0.057 TPOX 0.047 D7S820 0.024 D18S51 0.087 D16S539 0.065 

FGA 0.049 CSF1PO 0.041 D20S482 0.024 FGA 0.087 D6S1043 0.062 

Penta D 0.049 D9S1122 0.039 D10S1248 0.023 D9S1122 0.076 TH01 0.060 

D18S51 0.047 D13S317 0.039 D6S1043 0.021 D7S820 0.067 FGA 0.060 

D9S1122 0.044 D19S433 0.031 D4S2408 0.020 D10S1248 0.058 D19S433 0.054 

D20S482 0.031 D7S820 0.031 TPOX 0.020 D5S818 0.058 D20S482 0.049 

D17S1301 0.026 D10S1248 0.027 D5S818 0.017 CSF1PO 0.052 TPOX 0.039 

D10S1248 0.025 D16S539 0.019 D9S1122 0.014 D16S539 0.048 CSF1PO 0.038 

CSF1PO 0.011 D20S482 0.018 D17S1301 0.014 D17S1301 0.031 D10S1248 0.022 

TPOX 0.009 D17S1301 0.015 CSF1PO 0.009 D20S482 0.031 D17S1301 0.021 

 
British Chinese & 

South Asian   
British Chinese & 

West African   
North East African & 

South Asian   
North East African & 

West African   
South Asian & West 

African   
Locus I_n Locus I_n Locus I_n Locus I_n Locus I_n 

D21S11 0.140 D13S317 0.383 D2S1338 0.217 D2S1338 0.176 D21S11 0.203 

D7S820 0.120 D21S11 0.317 D12S391 0.178 D12S391 0.133 D12S391 0.196 

D4S2408 0.106 vWA 0.224 D21S11 0.152 D21S11 0.129 Penta D 0.186 

D2S1338 0.100 Penta E 0.223 D1S1656 0.148 Penta D 0.096 D13S317 0.171 

D13S317 0.090 D3S1358 0.222 D2S441 0.140 Penta E 0.093 D2S1338 0.152 

TH01 0.084 D2S1338 0.191 D18S51 0.137 D13S317 0.085 D3S1358 0.151 

D1S1656 0.079 Penta D 0.188 vWA 0.103 D3S1358 0.084 vWA 0.147 

D12S391 0.076 D4S2408 0.179 D5S818 0.093 vWA 0.076 Penta E 0.142 

D2S441 0.070 D12S391 0.175 Penta D 0.083 D2S441 0.072 D2S441 0.141 

D9S1122 0.067 D1S1656 0.153 D8S1179 0.081 D9S1122 0.063 D18S51 0.137 

Penta E 0.064 D8S1179 0.138 FGA 0.073 D6S1043 0.062 D1S1656 0.136 

vWA 0.062 D2S441 0.136 D3S1358 0.065 D18S51 0.062 D8S1179 0.108 

D6S1043 0.060 D5S818 0.124 CSF1PO 0.058 D1S1656 0.056 D19S433 0.101 

D3S1358 0.058 D7S820 0.093 D13S317 0.057 D19S433 0.049 D6S1043 0.098 

D5S818 0.056 D18S51 0.091 D19S433 0.055 FGA 0.048 D9S1122 0.083 

D10S1248 0.049 TPOX 0.087 D16S539 0.048 D20S482 0.048 TH01 0.077 

D16S539 0.044 D6S1043 0.085 Penta E 0.042 D8S1179 0.045 FGA 0.072 

Penta D 0.043 D19S433 0.081 D10S1248 0.039 D7S820 0.042 CSF1PO 0.068 

D8S1179 0.041 TH01 0.079 D6S1043 0.035 D5S818 0.039 D10S1248 0.066 

D18S51 0.040 FGA 0.062 D20S482 0.035 TPOX 0.036 D7S820 0.059 

D19S433 0.038 D16S539 0.060 D7S820 0.035 TH01 0.030 D5S818 0.059 

TPOX 0.027 CSF1PO 0.057 D4S2408 0.032 D4S2408 0.028 D4S2408 0.057 

FGA 0.025 D9S1122 0.048 TH01 0.031 D10S1248 0.026 TPOX 0.056 

D17S1301 0.018 D17S1301 0.031 D9S1122 0.024 D16S539 0.025 D16S539 0.041 

D20S482 0.017 D10S1248 0.029 TPOX 0.017 CSF1PO 0.020 D20S482 0.022 

CSF1PO 0.013 D20S482 0.023 D17S1301 0.013 D17S1301 0.010 D17S1301 0.014 
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STRUCTURE plots were also run using the top 6, 12 and 24 most informative loci for 

distinguishing the British Chinese and West African populations (Figure 5.14) as an 

example of easy to separate clusters, given this pairing had the highest cumulative In. 

Although using just the 6 most informative loci resulted in no cluster differentiation, 

using the 12 most informative loci was almost as good as using all 26 markers, showing 

how genetically different these two populations are when looking at the autosomal STR 

results. This also correlates some of the findings of other research groups, who were 

able to show clear clustering patterns when removing geo-graphically close populations 

such as the Middle East and Central-South Asia groups from the HGDP-CEPH reference 

population panel [152, 170].  

Figure 5.14 shows how easy it would be to differentiate British Chinese from West 

African samples using autosomal STR data from this marker set. The same thing was 

done for the White British and South Asian populations, but with the top 6, 12, 20, 21, 

22, 23, 24 most informative loci to try and identify the best number of markers (Figure 

5.15). It is immediately obvious from these STRUCTURE plots that these two populations 

are much harder to differentiate than the British Chinese and West African populations, 

although it is hard to tell from them what number of informative loci offers the best 

chance to distinguish the two groups. Average proportion of membership was extracted 

for these STRUCTURE runs and are shown in Figure 5.16. 
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Figure 5.14: STRUCTURE plots for the British Chinese and West African populations using 

loci of most informativeness 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.15: STRUCTURE plots for the White British and South Asian populations using 

loci of most informativeness 
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Figure 5.16: Proportion of membership for the White British and South Asian 

STRUCTURE runs 

The number of loci (according to most informative, high In between the two groups) used 

for each STRUCTURE run is listed on the left-hand side of the figure. 

Figure 5.16 suggests that the best number of loci for differentiating the White British 

and South Asian population groups, by a very narrow margin, is the 22 most informative 

loci. The difference between the runs using 12 or more loci is minimal, suggesting there 

is little added value with more loci. The average proportion of membership does remain 

less than that for either population when looking at all five groups simultaneously, and 

the STRUCTURE run indicates that individual ancestry inference is not improved for the 

samples which did not achieve a proportion of membership of over 0.7 for the correct 

cluster in the initial runs. 

STRUCTURE plots were also re-run for all five populations using data from 16 markers: 

the top 12 most informative loci across all five populations, and an additional 4 markers 

with high In between specific pairs of populations (White British vs South Asian and 

British Chinese vs South Asian): D4S2408, TH01, D7S820, and D16S539. These markers 

are highlighted in Table 5.4 in red, and the STRUCTURE plot generated for all samples 

using these top 16 loci are shown with the plot for the 22 most informative loci in Figure 
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5.17. The aim of doing this was to observe whether using a reduced number of markers, 

but including loci that are specifically informative for these groups might help reduce 

noise whilst improving ancestry inference. The average proportion of assignment 

coefficients for this STRUCTURE plot confirm what can be seen in the figure, that using 

this subset of loci does not improve on the plot obtained using the top 22 most 

informative loci. The top 22 loci coincidentally already contain those four markers 

identified as potentially useful for distinguishing the South Asian population from the 

White British and British Chinese groups. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.17: STRUCTURE plots for all five populations using 16 loci compared to 22 

The rationale for reducing the number of loci used was that some noise may be removed 

from the STRUCTURE plots by removing markers that are not useful in terms of ancestry 

inference, but could be adding in unnecessary variation unrelated to population specific 

enrichment. Whilst an interesting concept, reducing the number of loci according to 

ancestry informativeness does not seem to greatly improve population inference in this 

dataset. Calculating In values helped confirm how much more useful sequence-level data 

is in terms of using the autosomal STR data for ancestry estimation, but the extent of 

what can be achieved using this STR data alone appears to reach its limit when using all 

data available: complete sequence-level allelic data for 26 autosomal STRs.  
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5.3. Ancestry informative SNPs 

The ForenSeq DNA Signature Prep kit contains a primer mix (DNA Primer Mix B, DPMB) 

which consists of the same primers as those in DNA Primer Mix A, with the addition of 

primers for the amplification of 22 phenotype-informative SNPs, and 56 biogeographical 

ancestry-informative SNPs. It is currently the only commercial solution for the 

simultaneous amplification of core autosomal STR loci and ancestry-informative 

markers and showcases the multiplexing advantage of using MPS. Given the co-

amplification of these SNPs with the previously discussed STRs when using DPMB, and 

the promising results from the sequence-based STR alleles, the combined value of these 

markers for ancestry estimation comes into question. The next goal of this research was 

to compare results obtained from the STRs to those of this specifically chosen ancestry-

informative SNP set on the same samples, before ascertaining if the combination of both 

marker types provides a better population differentiation than either alone.  

 The 56 SNPs used for ancestry inference in DPMB were selected from two publications 

that focused on identifying a small panel of highly informative SNP markers for ancestry 

estimation [104, 227]. In 2014, Kidd et al. stated that a very large number of ancestry-

informative markers could provide accurate discrimination of 6-7 geographic regions, 

but a small, efficient, and robust panel is more relevant for forensic applications. They 

went on to identify a small panel of SNPs which would be useful for global population 

differentiation [151]. The resulting panel of 55 SNPs is well characterised, has been 

broadly applied as a standalone panel and is commonly referred to as the “Kidd SNPs”. 

The 56 SNPs amplified by the ForenSeq DNA Signature Prep DMPB correspond to these 

55 Kidd SNPs, as well as SNP rs1919550 which appears to have limited global variability, 

but is useful at distinguishing native American individuals from other populations [228]. 

Presumably, the decision was made to incorporate this SNP to enhance the primer set’s 

capability to separate American populations, although the fact that it is in full linkage 

disequilibrium with another SNP (rs12498138) in DPMB makes it redundant (C. Phillips, 

personal communication). Figure 5.18 and Figure 5.19 show examples of the allelic 

distribution at rs1919550 and another SNP, rs1042602 across the five populations 

studied, using the data for the 219-sample set. As suggested above, rs1919550 appears 

to show limited variability across the five populations, with the A allele being very 
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common in all groups studied. rs1042602, however, is highly polymorphic in Europeans, 

where the A allele has been associated with light skin and eye colour [229, 230].  

  
Figure 5.18: Allele frequency distribution for rs1919550 

  
Figure 5.19: Allele frequency distribution for rs1042602 

5.3.1. Universal Analysis Software estimation 

In the UAS, the 56 aSNPs are analysed using principal component analysis (PCA). The 

model in UAS was trained on the European, East Asian and African (except for the ASW, 

“African Ancestry in Southwest US” group) super populations of the 1000 Genomes 

Phase I data [231]. The sample being tested is then projected based on its aSNP 

genotype calls onto the pre-trained components of the PCA plot, alongside data for the 

Ad-Mixed American super population for context. Although the estimation feature of 

UAS can be useful for a sample whose bio-geographical ancestry aligns with one of the 

three reference super populations, it is not effective for predicting the ancestry of an 

unrepresented group. Figure 5.20 shows an example of PCA plot generated by UAS for 

a sample from each population group studied.  
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Figure 5.20: UAS bio-geographical ancestry estimation plots 

Examples of the PCA plots generated using UAS for bio-geographical ancestry estimation 

for a sample from each population group. The populations on which the software was 

trained are shown in blue, purple and green for the African, European and Asian 

population, respectively. The admixed American populations are shown in orange, and 

are used for context rather than estimation. The dot representing the sample being 

tested is shown in red, and the user is able to make a general interpretation as to which 

meta-population the sample clusters closest to. 

The White British, British Chinese and West African samples are projected close to the 

European, Asian and African samples respectively, as expected. The North East African 

and South Asian samples are less straightforward, with the South Asian sample falling 
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half way between the Asian and European clusters. This is undoubtedly due to lack of 

reference data for these populations. 

This shortcoming of the UAS software for bio-geographical ancestry estimation has 

already been highlighted by several publications, including Ramani et al. who genotyped 

1030 unrelated individuals living in Singapore of Chinese, Malay and Indian origin [232]. 

Whilst the UAS software was able to accurately place the Chinese samples with the East 

Asian cluster on the PCA plot, the Malay and Indian samples clustered in between 

reference populations. Hussing et al. found that 22 out of 23 European samples 

projected close to the correct cluster, whereas the handful of Middle Eastern and North 

African samples they sequenced did not return a useable prediction [116]. Wendt et al. 

noted that their Yavapei Native American population samples clustered either with the 

East Asian cluster or in between reference populations [233]. Despite the presence of a 

SNP specifically chosen for differentiating American populations, the lack of reference 

data for Native American populations once again hinders any interpretation. 

Although the UAS has limited use for ancestry determination due to lacking reference 

data for certain populations such as South Asian, North East African, Middle Eastern etc., 

it is expected that genotype results for the SNPs targeted in DPMB would still be useful 

for distinguishing these populations using other software. 

4.1.1. STRUCTURE analysis 

As with the autosomal STR data, aSNP genotypes were used to generate STRUCTURE 

plots. Figure 5.21 shows that the software was able to distinguish 5 distinct clusters 

under K=5, corresponding to the 5 population groups.  
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Figure 5.21: STRUCTURE plots for the five populations studied, generated using 

genotypes for the 56 aSNP markers targeted by DNA Primer Mix B in the ForenSeq DNA 

Signature Prep Kit. 
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5.3.1.1. Proportion of membership and incorrectly assigned samples 

If a proportion of membership to the correct cluster of over 0.7 is taken as a correct 

population assignment, 94% of samples (205/219) are assigned to the correct group, 

and 98% of samples (214/219) if using a value of 0.5 or higher. Given that the samples 

re-analysed for the aSNPs were chosen at random from the 989 samples analysed for 

the autosomal STRs, aSNP data was not available for all the samples which were 

incorrectly assigned with aSTRs in section 5.2.2.3. Of the 67 samples which had a 

proportion of membership of over 0.5 for the wrong cluster using aSTR data (Table 5.2), 

17 happened to be re-analysed using the primers for the aSNPs in DPMB. Of these, only 

4 have a proportion of membership of over 0.5 for the wrong cluster using aSNP results, 

and only one of those had a coefficient of over 0.7. Table 5.5 shows the proportion of 

membership for these 4 samples, and also shows the only sample which did not have a 

proportion of membership of over 0.5 for any of the groups.  

Table 5.5: Samples with a proportion of membership of >0.5 for the incorrect cluster 

using aSNP data 

For each sample, the value in black corresponds to the proportion of membership for the 

correct cluster, and the value in red corresponds to the highest proportion of 

membership. All other values are shown in grey. WB= White British, BC= British Chinese, 

NEA= North East African, SA= South Asian, WA= West African. 

Sample Population 1. WB 2. SA 3. BC 4. WA 5. NEA 
NEA404 NEA 0.007 0.012 0.161 0.666 0.155 
NEA438 NEA 0.025 0.55 0.004 0.046 0.375 
NEA439 NEA 0.008 0.855 0.002 0.023 0.111 
NEA465 NEA 0.03 0.014 0.075 0.505 0.376 
SA654 SA 0.432 0.384 0.013 0.045 0.126 

 

The four samples which had a proportion of membership of over 0.5 for the wrong 

cluster were North East African. Samples NEA404 and NEA465 have a proportion of 

membership of 0.66 and 0.505 respectively, for the West African cluster, despite self-

declared North East African ancestry. In the aSTR STRUCTURE analysis, NEA404 and 

NEA465 also clustered with the West African population cluster, with a proportion of 

membership of 0.9 and 0.8 assignment, respectively, for this population. The reason for 

these samples misclassifying is uncertain, although both are known to have identity-
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informative SNP alleles only seen in the West African population (unpublished data). 

This could indicate incorrect self-declared ancestry, or even recent admixture.  

Samples NEA438 and NEA439 both showed a proportion of membership of just over 0.5 

for the South Asian cluster using aSTR data, but this increases to 0.85 for NEA439 when 

using aSNP genotypes, causing it to be mis-classified. Although very little is known about 

the donors of the samples, they do appear to have come from the same region of 

Somalia according to their self-declared ancestry. These results may indicate that 

STRUCTURE is picking up on population substructure, or a population that is more 

closely related genetically to the samples in the South Asian cluster than those in the 

North East African cluster. 

5.3.2. FROG-KB 

The 55 ancestry informative SNPs originally developed as a standalone panel for 

ancestry inference developed by the group at the university of Yale [105] can be used 

with the FROG-kb database [234]. This database contains data from populations not 

included in the UAS reference set, including from the Middle East, South and Central 

Asian, and Oceania. FROG-kb provides the ability to calculate relative likelihoods of 

ancestry from different reference populations for uploaded aSNP genotypes, derived 

from the ALlele FREquency Database (ALFRED http://alfred.med.yale.edu). Figure 5.22 

shows an example of the type of results obtained when uploading aSNP genotypes for 

a North East African sample. This sample is the same as the one shown in Figure 5.20 

which does not cluster with any of the three super populations present in UAS, which is 

expected as the UAS database does not contain North East African reference population 

data. This particular sample returns the highest probability of genotype for the Somali 

population, which is consistent with the self-declared ancestry. This highlights the need 

for appropriate reference population, with the FROG-kb algorithm using 161 

populations, including a Somali population of 196 individuals. 
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Figure 5.22: Results obtained from FROG-kb for a North East African sample 

The four samples listed in Table 5.5 which returned a proportion of assignment of over 

0.5 for the incorrect population, were also run through FROG-kb. Samples NEA438 and 

NEA439 clustered with the South Asian samples despite having a North East African self-

declared ancestry. Figure 5.23 shows that sample NEA438 returns probabilities of 

genotypes for multiple populations that are all within an order of magnitude of the 

highest probability of genotype, which is for the Negroid Makrani population, an ethnic 

group of Pakistan and Indian with African heritage. Sample NEA439 returned the highest 

probability of genotype for the Saudi and Quatari populations (5.338E-13 and 6.586E-

14, respectively). As stated previously, these individuals are of Somali self-declared 

ancestry, but analysis may be picking up on population substructure, or highlighting a 

small population with genetic similarities to Middle Eastern or South Asian groups, for 

which reference data is perhaps not yet available.  
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Figure 5.23: FROG-kb results for sample NEA438 

Probability of genotype for each of the populations where the values are within an order 

of magnitude of the highest likelihood. 

Samples NEA404 and NEA465 clustered with the West African samples in STRUCTURE, 

despite self-declared North East African ancestry. Figure 5.24 shows the FROG-kb results 

for these two samples, showing they both have the highest probability of genotype in 

the Sandawe population of Tanzania, which is geographically closer to North East Africa 

than West Africa. If these persons are decended from individuals recently emigrated 

from Tanzania, this could explain this phenomenom and the incorrect classification 

using STRUCTURE due to lack of other Tanzanian samples in the dataset. 

 
Figure 5.24: FROG-kb results for samples NEA404 and NEA465 

Probability of genotype for each of the populations where the values are within an order 

of magnitude of the highest likelihood. 
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Results obtained by targeting the 56 aSNPs in DPMB confirm that this panel can reliably 

be used for estimating ancestry. The lack of reference populations in UAS make its utility 

limited, but genotypes can easily be extracted for use with other, third-party tools. 

Individual sample results can be uploaded to websites such as FROG-kb, which have 

their own reference populations for ancestry estimation, enabling the probability of any 

given profile within each population to be calculated. STRUCTURE plots enable the 

results for an entire dataset to be visualised, showing in this work how the different 

samples can clearly be separated into 5 clusters, due to the genetic similarities within a 

population, and the genetic differences between separate global populations. 

5.4. Combining ancestry informative SNP and autosomal STR 

data 

In their 2011 study, Phillips et al. concluded that the highest classification success could 

be obtained by combining the genotypes from forensic STRs with ancestry-informative 

SNPs [170]. This resulted in error free assignments, and group membership proportions 

of above 0.7 for five global population groups (African, East Asian, American, European 

and Oceanian). This represented an improvement on both the use of aSTRs alone, but 

also on their 34plex SNP assay which had led to a small number of European samples 

being misclassified. Given that the ForenSeq DNA Signature Prep kit DPMB is used to 

amplify autosomal STRs and SNPs simultaneously, the next step was to identify whether 

combining data for both marker types led to a more powerful level of population 

differentiation for the samples studied. 

5.4.1. STRUCTURE Analysis 

As with the aSTR and aSNP data, STRUCTURE plots were run for K=2 to K=6 for the 

combined genotypes for the 219 samples analysed using both markers types. These 

plots are shown in Figure 5.25.  
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Figure 5.25: STRUCTURE plots for the five populations studied, generated using aSTR 

and aSNP genotypes for 219 samples 

5.4.1.1. Proportion of membership 

Average proportion of membership was extracted from the STRUCTURE analyses (K=5) 

run with autosomal STR data alone, ancestry-informative SNP data alone and combined 

aSTR and aSNP data. Figure 5.26 shows the proportion of membership to the different 

clusters for each population. Overall, the aSNP and combined runs appear to provide 
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the highest average proportion of membership to the correct population for all groups. 

This improvement compared to the aSTR run is more visible for the White British and 

South Asian populations. The difference between the combined run and the aSNP data 

alone run appears negligible, except for the North East African population where the 

combined run is more similar to the aSTR run. 

 
Figure 5.26: Proportion of membership obtained from STRUCTURE for runs generated 

using aSTR, aSNP, and combined aSTR and aSNP genotypes 

In order to delve further into the difference between the STRUCTURE runs generated 

using aSTR data alone and the combined runs, Figure 5.27 shows the proportion of 

assignment for the individual samples that were analysed with K=5 for just autosomal 

STR data, and for the combined STR and ancestry-informative SNP data, i.e. the same 

samples as used for the STRUCTURE runs presented in Figure 5.25. Each line represents 

a sample, and the gain in proportion of assignment to the correct cluster when looking 

at the combined run is shown in pink, whilst the reverse (loss in proportion of 

assignment to the correct cluster) is shown in grey. All of the British Chinese samples 

had been correctly assigned using STR data alone, so although the addition of SNP 

genotypes did improve the average assignment coefficient for the correct cluster, the 

difference on an individual sample level is negligible. A similar observation can be made 

for the West African population, where the majority of samples classified correctly using 

aSTR data alone, although the addition of SNP data does push 2 previously inconclusive 

samples to be correctly classified (proportion of membership > 0.7 for the West African 

cluster).  
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Figure 5.27: Individual proportion of membership to the correct cluster  

Each bar represents an individual, with the proportion of membership to the correct 

population cluster coloured accordingly in each panel (White British: blue; British 

Chinese: dark purple; North East African: dark green; South Asian: plum and West 

African: orange). Gain in correct proportion of membership when adding aSNP data is 

shown in pink, whilst decrease in correct proportion of membership is shown in grey. 

0

0.2

0.4

0.6

0.8

1

P
ro

p
o

rt
io

n
 o

f 
m

e
m

b
e

rs
h

ip

White British

0

0.2

0.4

0.6

0.8

1

P
ro

p
o

rt
io

n
 o

f 
m

e
m

b
e

rs
h

ip

British Chinese

0

0.2

0.4

0.6

0.8

1

P
ro

p
o

rt
io

n
 o

f 
m

e
m

b
e

rs
h

ip

North East African

0

0.2

0.4

0.6

0.8

1

P
ro

p
o

rt
io

n
 o

f 
m

e
m

b
e

rs
h

ip

South Asian

0

0.5

1

P
ro

p
o

rt
io

n
 o

f 
m

e
m

b
e

rs
h

ip

West African

STRs correct assignment Benefit from combining SNPs Loss from combining SNPs



 218 

The benefit of combining the two sets of markers is most apparent in the White British 

and South Asian populations. These two populations were the hardest to separate when 

looking at aSTR data alone, and the addition of 56 ancestry-informative SNPs here 

clearly helps to push the individual proportion of membership to the correct cluster. Six 

samples in the White British population were inconclusive using aSTR results (no 

proportion of membership > 0.7), and 3 misclassified as South Asian. All cluster correctly 

in the combined run, bar 1 which moved from incorrectly classified to inconclusive. Of 

the 9 inconclusive samples and 3 samples with incorrect cluster assignment when only 

looking at STR data for the South Asian population, adding SNPs leads to a correct 

assignment for all bar 2 samples. One remains inconclusive with a proportion of 

membership below 0.7 for any cluster (albeit at 0.67 for the South Asian cluster), whilst 

one of the samples goes from inconclusive to incorrectly assigned to the White British 

cluster. This sample, shown with a largely grey bar in the middle of the South Asian panel 

in Figure 5.27, has a proportion of membership for the South Asian cluster of 0.59 within 

the aSTR run, 0.71 within the aSNP run but of 0.06 in the combined run – clustering 

much better with the White British group instead (Sample SA683, discussed further). 

Another notable sample in the South Asian group is one which shows a proportion of 

membership increase from 0.37 to 0.86 when comparing the aSTR only run to the 

combined run. This sample was the only sample to be inconclusive with aSNP data alone 

(SA654 in Table 5.5), suggesting the combined data is more accurate for ancestry 

inference of this sample. Finally, one South Asian sample which had correctly clustered 

in the aSTR run only is inconclusive in the combined run. 

The results for the North East African group are varied. Where 5 samples were 

inconclusive with STR data alone, 2 remain inconclusive in the combined run and 2 are 

assigned to the incorrect, South Asian cluster with a proportion of over 0.7. Of the 3 

samples which had a proportion of above 0.7 for the incorrect cluster, two are 

inconclusive with the combined run, and one remains incorrectly assigned.  Additionally, 

two samples which had the correct assignment with STR data alone are inconclusive in 

the combined run. The three samples with a proportion of membership of above 0.7 for 

the wrong cluster will be discussed in the following section.  
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5.4.1.2. Incorrectly assigned samples 

Of the 35 samples which have a proportion of membership of above 0.7 for the incorrect 

cluster when using aSTR data, 9 were re-analysed for the DPMB aSNPs. Of these, 1 has 

a proportion of membership of over 0.7 for the wrong population using aSNP results (as 

discussed in section 5.3.1.1, Table 5.5), which is still the case in the combined graph. In 

total, 4 samples were incorrectly assigned in the combined STRUCTURE plots. Table 5.6 

shows the proportion of membership values for these samples, compared to that of the 

aSTR and aSNP only STRUCTURE runs. Sample NEA404 clusters with the West African 

group despite self-declared North East African ancestry, and assigned Tanzanian 

ancestry by FROG-kb. Sample SA683 was correctly assigned to the South Asian cluster 

using aSNP data alone, and had a proportion of membership for this cluster of 0.59 with 

aSTR data, but surprisingly is incorrectly assigned to the White British group when 

looking at the combined plot.  

Table 5.6: Proportion of membership for individual samples which were incorrectly 

assigned in the combined aSNP and aSTR STRUCTURE run 

The proportion of membership for the correct cluster is highlighted in bold for each line, 

and the values are colour coded (smaller to largest = lightest to darker blue). 

 
 

 

 

 

 

 

 
 
 
 

 

Samples NEA438 and NEA439 are the two North East African samples which consistently 

appear to be assigned a higher proportion of membership for the South Asian cluster, 

and which gave mixed results when uploaded to FROG-kb. When looking at the run for 

k=6, Figure 5.28 shows that STRUCTURE does appear to be picking up a “new” group for 

those two samples amongst the other North East African samples, supporting the theory 

that these samples may be more genetically related to a different, under-represented 

Sample Pop Run WB BC NEA SA WA 

NEA404 NEA 
aSTRs 0.026 0.012 0.011 0.041 0.910 
aSNPs 0.007 0.161 0.155 0.012 0.666 
Combined 0.002 0.086 0.100 0.089 0.723 

NEA438 NEA 
aSTRs 0.131 0.012 0.134 0.557 0.167 
aSNPs 0.025 0.004 0.375 0.550 0.046 
Combined 0.011 0.002 0.133 0.741 0.113 

NEA439 NEA 
aSTRs 0.019 0.073 0.372 0.512 0.024 
aSNPs 0.008 0.002 0.111 0.855 0.023 
Combined 0.010 0.006 0.272 0.706 0.006 

SA683 SA 
aSTRs 0.373 0.016 0.012 0.592 0.007 
aSNPs 0.233 0.049 0.003 0.714 0.001 
Combined 0.775 0.164 0.003 0.057 0.002 
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population in this study. These two individuals may self-report as of Somali origin but in 

fact have recent Middle Eastern ancestry for example. Future work could look at adding 

Middle Eastern sample data in the STRUCTURE analyses to see if these particular 

samples cluster with a higher proportion of membership to this population group. 

 
 

 
 
Figure 5.28: STRUCTURE results for K=5 and K=6 for the North East African and South 

Asian samples with combined aSNP and aSTR data 

Zoomed in view from the STRUCTURE plots in Figure 5.25. 

5.5. Discussion on ancestry estimation 

In 2015, Chris Phillips described being asked to define a person of interest as “White, 

Black or Asian” by police in London some 17 years prior, following the witnessing of a 

crime [148]. Aside from the lack of more neutral terminology, he goes on to depict the 

situation as taking place at night, making his own evidence likely to be unreliable. Bio-

geographical ancestry estimation from DNA recovered from a scene can provide a more 

reliable and unbiased alternative to eyewitness testimony, and has been used as a tool 

for investigative intelligence by police forces. There are a number of well characterised 

markers in our DNA which show enrichment in certain populations and are used 

specifically for ancestry estimation. Ancestry informative SNPs and non-core STR loci 

were discussed in this context, with the majority of marker panels for forensic ancestry 

estimation relying on the former. 

The results presented from STRUCTURE analyses and group membership proportions 

suggest that data from the aSTRs present in the ForenSeq DNA Signature Prep kit have 

the potential to be used for ancestry estimation for five global populations. With a strict 
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group membership proportion of 0.7 or above, 84% of samples were grouped correctly, 

with a general error rate of 3.5%. This is a major improvement on a previous publication 

looking at length-based data for 20 autosomal markers, which had error averages of 12-

15% [170]. It is also an advance on results obtained using length-based data for the 26 

ForenSeq STRs, where 72% of samples were classified correctly with an error rate of 

5.7%. These results once again highlight the value added by massively parallel 

sequencing. An interesting point for future work would be to genotype a further set of 

samples from each of the global populations studied and blindly assign them using the 

data from this project as a training set in STRUCTURE, which would further test these 

findings. 

Autosomal STRs are and likely always will be the first loci targeted for forensic DNA 

analysis, as they offer the highest probability of individual identification. An ancestry-

informative marker panel can then be used in “no hit, no suspect” cases, but this 

requires an additional time and cost investment, and relies on the presence of enough 

sample. As routine DNA testing of autosomal STRs progresses to MPS, the results from 

this project show that there is now the very real possibility of getting both an individual’s 

DNA profile and an estimation of their bio-geographic origin from one test. Combining 

aSNP and aSTR data didn’t show any improvement on using a dedicated aSNP panel 

alone, but the ancestry inference potential of the STRs in the ForenSeq DNA Signature 

Prep kit is almost as good as an aSNP panel. It is likely that this ancestry prediction may 

also improve with wider population data sets, as suggested by the two North East 

African samples that showed membership to a sixth cluster, suggesting we are looking 

at sub-populations within the data. 
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6. Conclusions 

When this PhD project started, very few forensic laboratories were equipped with 

massively parallel sequencing technology, and most projects relating to implementation 

were still in their infancy. The surge in literature in recent years highlights that the move 

from traditional DNA typing methods to MPS ones is happening on a global scale. The 

results presented early in this thesis demonstrate that genotypes obtained using 

sequencing are concordant with the capillary electrophoresis results for the same 

samples, ensuring back-compatibility with established DNA databases. One major 

barrier to implementation was described as a lack of available sequence-based allelic 

frequencies [129]. The output of this PhD complements other global databases to 

overcome such barriers by providing comprehensive, curated frequencies. At the time 

of writing, the article published in 2018 (Appendix I) has been cited over 50 times, 

further demonstrating the demand for such information. Research into MPS feasibility 

is the process driving adoption in forensic casework laboratories. 

The huge increase in allelic diversity witnessed when sequencing STRs, rather than 

separating them based on length, brought about an additional set of questions and 

possible barriers regarding the number of samples needed to generate representative 

population frequencies, as well as how to name the sequence-based alleles identified. 

Nomenclature was discussed throughout the initial chapters of this thesis, and the field 

will continue to narrow down on the best system through collaborative discussions and 

increased availability of large-scale datasets. The usefulness of flanking regions of STRs 

was less than hoped in the context of power of discrimination, and the added complexity 

from a nomenclature perspective is substantial, but it is still vital to take these regions 

into account for proper compatibility with CE and between different MPS kits.  

While the first two results chapters focussed on characterising five UK-relevant 

populations using MPS, the final chapter looked at expanding how we utilise sequence 

diversity to differentiate them. Whilst it is highly unlikely that bio-geographic ancestry 

estimation will completely move away from SNP panels, results show that there is 

useable, ancestry informative data in the sequenced genotypes of aSTR markers. 

Removing the need to return to the sample, or extract, to obtain more information is an 

attractive option for forensic scientists as it can reduce cost and time constraints.  
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The shift to MPS in forensics is still meeting some resistance for autosomal STR analysis 

due to the well-established, routine use of capillary electrophoresis for DNA 

identification, but an increase in validation and accreditation of MPS protocols is steadily 

breaking down the “it’s how we’ve always done it” frame of mind. As the barriers to 

implementation come down, the advantages of sequencing continue to be highlighted. 

This PhD project has shown that an STR profile generated using the ForenSeq DNA 

Signature Prep kit is considerably more discriminatory than a CE one, and could feasibly 

also be used to predict ancestry for five global populations. If MPS does become the 

routine method for DNA typing in forensics, there is no doubt that further research, 

including an expansion in the number of global populations where high quality STR 

sequence data is available, will lead to more robust and reliable results for ancestry 

estimation. 
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