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Abstract

MASSIVELY PARALLEL SEQUENCING OF FORENSIC MARKERS: 

SEQUENCE VARIATION AND FORENSIC APPLICATION 

Tunde Ildiko Huszar 

 

DNA analyses have been used to aid forensic investigations since 1985 and to date, 
human identification relies on the typing of polymorphic autosomal short tandem 
repeats (STRs), supplemented by the use of paternal (Y-chromosomal STRs) and 
maternal (mitochondrial DNA; mtDNA) lineage markers. To accurately measure the 
significance of matching genotypes/haplotypes their frequencies in relevant 
populations must be estimated.  

Massively parallel sequencing (MPS) technologies became more cost-effective and 
therefore more accessible to forensic analysis in the last decade. Many markers 
and marker types can be simultaneously analysed to observe underlying sequence 
variants beyond simple length-variation. The distribution of sequence-level variants 
within and between populations also helps to illuminate population substructure. 

In this study, STRs and mtDNA were analysed using MPS first in a diverse global 
set of samples to establish a framework of variants beyond any single population, 
followed by the population analysis of a set of 362 samples from the People of the 
British Isles (PoBI) collection, chosen to represent the core population with minimal 
admixture in the last two generations. Available data from PoBI also allowed Y-
SNP-defined haplogroups to be studied. 

Using MPS in these sample sets allowed the description of new STR variants, both 
within the sequence structure of repeat arrays and their flanking nucleotides. 
Analysis of the mtDNA control region following PCR with a multi-primer system 
revealed the importance of accounting for reference sequence bias in data analysis. 

The PoBI sample provided an overview of sequence-level variants of forensic 
markers across The British Isles, and serves as a reference for future MPS-based 
forensic applications. While mtDNA and autosomal markers show no appreciable 
population substructure, Y-chromosomal variation revealed clear East-West 
differentiation, probably reflecting a male-mediated Anglo-Saxon cultural and 
demographic shift around 500 CE, and correlating with current Celtic-Germanic 
linguistic divisions.  
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CHAPTER 1: Introduction 

 

Forensic genetic identification uses genetic markers to describe and compare 

individuals in assistance of legal procedures, such as criminal investigations, 

kinship and parentage testing, verification of identities of missing persons or victims 

of mass disasters (Jobling and Gill 2004). Analyses of the different types of genetic 

markers are interpreted in the context of the frequencies of the identified alleles in 

the relevant populations. This provides a statistical evaluation of the strength of the 

biological evidence found for the purpose of discriminating and identifying human 

or non-human subjects. 

This thesis examines different forensic genetic markers at the level of DNA 

sequence using high-throughput sequencing technology, including a small but 

highly diverse global sample set, and a larger set of samples with good 

geographical representation of the British Isles. This introductory chapter sets the 

scene by considering the nature of forensic genetics and the DNA markers 

commonly used, and then introduces the recently developed methods for analysing 

such markers in massively-parallel fashion. The four later results chapters contain 

their own introductions that focus on background material for each specific topic 

explored. 

1.1 Forensic genetic markers  

Using DNA as an evidential or investigative tool is a relatively new branch of the 

forensic sciences. Prior to DNA, biological samples were investigated for the 

presence of polymorphic protein markers including blood groups and isozymes, but 

these gave relatively low discriminatory power, and some were suited only to 

specific sample types. DNA typing rapidly overtook the role of serology in forensic 

investigations because of its focus on polymorphic markers which when combined 

had the power to identify and discriminate between individuals and characterise 

their kinship with high probability (Jeffreys et al. 1991)  
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The first markers used in 1984 by Sir Alec Jeffreys, at the University of Leicester, 

were minisatellites, hypervariable markers with a high degree of length 

polymorphism (Jeffreys et al. 1985b). Using electrophoretic separation and 

multilocus probes (detecting many minisatellites simultaneously) generated 

autoradiographs with patterns as unique as fingerprints (Figure 1.1), that inspired 

the term ‘DNA fingerprint’ (Jeffreys et al. 1985a). Combination of two multilocus 

probes gave a random match probability (the chance of two random individuals 

sharing the same fingerprints) of 7×10-22. The first legal use of the technology was 

in a kinship case, since the bands in a fingerprint segregate as Mendelian markers 

within pedigrees. 

 

 

 

 

 

Figure 1.1 
An early DNA fingerprint. 

From Jeffreys et al. (1985a), where minisatellites were 
first used to prove kinship in an immigration test-case. 
The bands on the autoradiograph showing patterns of 
inheritance in the absence of a father, between the 
mother (M) her undisputed son (B) and daughters 
(S1,S2) and the boy in dispute (X). 

 

However, despite its power, the general use of the technology was limited by the 

available quantity and quality of the DNA, which needed to be available in >100 ng 

amounts and at high molecular weight (Gill et al. 1985). The introduction of the 

polymerase chain reaction (PCR; Mullis 1990) allowed the amplification of specific 

target sequences from trace amounts of genetic material, and the discovery of 
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microsatellite markers (or short tandem repeats, STRs) provided a set of 

polymorphic markers suitable for PCR-based forensic DNA analysis (Reynolds et 

al. 1991). The short nature of these STRs allowed successful amplification from 

limited samples and those containing degraded DNA. Multiplexes amplifying many 

STRs simultaneously, and fluorescent detection after electrophoresis became 

available. The first national DNA database was launched in 1995 in the UK, storing 

genotype information for STR markers, which could be rapidly compared between 

individuals and which became the gold standard forensic markers (Wallace 2006). 

1.1.1 Short tandem repeats (STRs) 

1.1.1.1 The origin of STRs 

The assembled reference sequence of the Human Genome (current build is 

GRCh38, released in Dec 2013, https://www.ncbi.nlm.nih.gov/grc) is a haploid 

composite reference of multiple genomes, not reflecting any one individual, 

however, the Y chromosome is mostly of a single source, which helped the 

assembly of its reference. The Y chromosome harbours significant variation in its 

non-recombining region, which is divergent from the X chromosome with high level 

of structural variations, including inversions, constitutive and polymorphic, 

segmental duplications, and deletions (Balaresque et al. 2008). 

STRs are often associated with active retrotransposons, specifically non-LTR (long 

terminal-repeat) transposons, like the autonomous L1 or the non-autonomous Alu 

elements, which can give rise to new STRs by a seed repeat either located 

internally or in their 3´ poly-A tail, where new STRs can “grow” by sequentially 

expanding, and incorporating nucleotide changes, hence creating new repeat 

motifs (Grandi and An 2013). 

The stepwise mutation model describes a steady rate of evolution of microsatellites, 

where due to replication slippage the temporarily dissociated strand realigns at a 

neighbouring repeat unit, and thus, the net length of the repeat array expands or 

contracts by a complete repeat. However, it was shown (Brinkmann et al. 1998; 

https://www.ncbi.nlm.nih.gov/grc


4 
 

Sun et al. 2012) that the actual mutation rates are more complicated and the 

direction of change depends on allele size, where shorter arrays grow stepwise, 

while longer alleles rather shorten via deletions, generating a balanced allele range. 

The mutation rate increases with the array length and this can be further affected 

by the sequence structure of the array: e.g. a SNP interrupting the homogeneity of 

a long array slows its mutation rate down. 

1.1.1.2 Structure of STRs 

Commonly analysed STRs consist of arrays of 2-7 base pair (bp) long repeat units, 

and show high degrees of polymorphism, with a sufficiently narrow allelic range 

(typically of 8-20 repeat units) to avoid allelic imbalance due to preferential 

amplification of heterozygotes during PCR. STR markers are classified based on 

their repeat patterns (Urquhart et al. 1994): simple STRs, which contain uniform 

arrays of identical repeats (e.g. TPOX or DYS456); compound STRs which contain 

more than one adjacent simple array of repeats of the same unit length (e.g. 

D12S391 or DYS389I/II); and complex STRs which contain several arrays of 

interspersed and variable repeats of different unit lengths (e.g. D21S11). STRs 

have been widely used as markers not just in forensic genetics for human 

identification, but in linkage (Hearne et al. 1992) and population-genetic studies 

(Kim and Sappington 2013) as well. Their short lengths compared to minisatellites 

led to their rapid gain in popularity as marker types ideal for amplification from 

degraded forensic samples - most currently used STRs can be amplified on 

fragments of less than ~400 bp, while miniSTRs, designed to produce especially 

short amplicons, even reduce this to 200-300 bp (Butler et al. 2003). 

STRs are found across all human chromosomes. Like minisatellites in a DNA 

fingerprint, the autosomal STRs are inherited independently in a Mendelian fashion 

and therefore in combination lead to very low random match probabilities, making 

them powerful in individual identification (Jobling and Gill 2004). Sex-chromosomal 

STRs have the same kinds of structures and variability as autosomal STRs, but 

have different inheritance patterns. Y chromosomes are passed down exclusively 
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from father to son without recombination (except from the short pseudoautosomal 

regions that are homologous to the X chromosome) and therefore the STRs typed 

along the male-specific region of the Y chromosome (MSY) cannot be considered 

independent markers, but rather linked as a Y-chromosomal haplotype and 

inherited together along the male lineage. Therefore haplotypes of uniparentally-

inherited markers, like the Y chromosome or mitochondrial DNA (mtDNA), are not 

individually identifying, as these are shared along the respective parental lineages 

(Jobling et al. 1997). This also means that haplotypes are much less variable than 

genotypes based on independently inherited autosomal STRs. Each sex has at 

least one X chromosome, and while in males there is no possibility of recombination 

with another X chromosome it is passed to his daughter as a haplotype, without 

change apart from mutations. In females, by contrast, the two X chromosomes 

similarly to the autosomes bear their STRs as independently recombining markers 

provided these are sufficiently separated on the chromosome. Y-STR profiling 

helps the examination and comparison of male lineages, can characterise male 

contributors in male-female mixtures, can contribute to the exclusion of direct 

paternal relationship or can connect distant male lineage relatives. X-chromosomal 

STRs are not widely used, but can inform about sex-related bias in populations 

when compared to Y-chromosomes and can provide additional clarification in 

extended kinship testing or identification of remains (Bennett 2000; Butler 2005; 

Tamaki and Jeffreys 2005). 

1.1.1.3 Conventional amplification and detection of STRs 

PCR amplification of STRs targets the non-variable flanking regions of a locus with 

primers, and thus all length variants originating from the array can be captured. 

However, occasionally deletions and insertions outside the array can affect the 

length of the amplicon, or can decrease amplification success or even prevent 

successful amplification. To overcome the effect of known sequence variation at 

the primer binding sites (SNPs and short indels), which can affect the annealing of 

primers to the template, most commercial kits likely use degenerate primer mixtures 

to facilitate amplification (Leibelt et al. 2003). Even in the presence of these 
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variants, however, unexpected rare nucleotide changes can still interfere with the 

amplification and could reduce the efficiency of PCR, or even prevent amplification, 

thus creating “null alleles”. 

Standard length-based separation of fragments by capillary electrophoresis (CE) 

uses the detection of a fluorescent signal (Figure 1.2). Each amplified fragment is 

labelled by incorporating the primers, one of which is fluorescently labelled. The 

emission from the fluorophore-tagged strand then gets registered after laser 

excitation as it passes the detection window. 

 

Figure 1.2  
A schematic representation of an STR locus 
STRs are amplified during PCR using primers (arrows) targeting unique sequences in 
their flanking regions. One primer of the pair is fluorescently labelled (bolts) to allow 
detection by CE. The alleles are detected as peaks on the electropherograms and named 
according to their size, determined by the assumed number of repeat units based on 
fragment length, here ATAG repeats. 

 

To allow several STRs to be efficiently co-amplified in one reaction, multiplex PCR 

reactions have been designed commercially. To maximise output these use several 

different fluorophores to allow distinction of overlapping size range fragments by 

colour. The number of available electropherogram colour channels is a limitation on 
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the number of loci that can be included, as is the need to keep fragment sizes 

sufficiently small (<~450 bp) to allow genotyping from degraded material. In 

practice, the largest CE multiplexes contain 27 markers detected across six dye 

channels (PowerPlex® Fusion 6C and VersaPlex™ 27PY Systems, Promega; 

Yfiler™ Plus PCR Amplification Kit, Applied Biosystems Thermo Fisher). 

STR alleles were selected as forensic markers due to their length polymorphism, 

and allelic variants of STRs are identified and classified by their overall length. The 

separation of amplified allelic variants by length is achieved by electrophoresis, 

where the negatively charged DNA molecules subjected to an electric field travel 

towards the positive electrode (anode) at a rate according to their molecular size 

through a gel state matrix. Slab-gel separation was originally used as a separation 

method, but in forensic DNA typing it was replaced by the automated detection of 

fluorescently labelled variable length fragments in the polymer-filled capillaries of a 

CE machine. In CE the migration of the labelled DNA fragments is facilitated by the 

current provided by electrokinetic injection to separate the fragments, and the time 

to migrate through the fixed length capillary is used to measure alleles, as opposed 

to their migrated distance during a fixed time as in classic gel electrophoresis. CE 

is optimised for small quantities and highly sensitive detection by performing 

separation within a small volume of matrix inside the capillary. Labelled fragments 

passing through the detection window generate a trace of fluorescence intensity 

against time, rendered as base-pairs, known as an electropherogram (EPG; Figure 

1.3). 
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Figure 1.3 
Example of an electropherogram (EPG). 

EPG of a complete DNA profile from a single source. Markers are grouped into colours of 
their respective fluorophores (except the yellow one is represented by black colour for 
better visibility), placed along the x-axes representing length of fragments; y-axes show 
the relative fluorescence values. One or two peaks represent homo- and heterozygous 
alleles for each of the loci marked in the grey boxes representing their range by length. In 
this system, a fifth dye channel (not shown) contains an in-capillary size standard. 

 

Somatic mutations that occur during development can create multiallelic profiles for 

the affected loci, if tissues with different alleles are sampled and typed together. 

This can cause unsuspected discordance between different sample sources from 

the body affecting forensic casework and kinship testing results (Rolf et al. 2002). 

Similar replication slippage on the template and the lack of proofreading 

mechanisms in vitro during PCR amplification generates stutter products. Stutter 

products are smaller artefactual peaks adjacent to the main alleles, usually detected 

most clearly in the n-1 position of allele n, but sometimes seen in n-2 and n+1 

positions in CE (Figure 1.4). Mean stutter proportions can be identified and adjusted 

for, either locus by locus, or by setting a broad stutter filter for all loci at around 10 

to 20% (Leclair et al. 2004). Stutter peaks are usually easily identifiable in reference 

samples, but can interfere with genotyping in complex mixtures. 
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Figure 1.4 
Stutter peaks. 

Stutter peaks are 
characterised by their length 
difference relative to the main 
allele as seen on this 
schematic diagram. 

 

Current standard practice uses a multiplex-PCR approach (Table 1.1) together with 

CE to detect length variants of STR alleles, where the alleles at each locus are 

referred to by, and correspond to the variable lengths of these STRs. While this 

approach includes several well-described polymorphic loci scattered along the 

genome, it does not explore the underlying sequence variation present in these 

alleles, and thus ignores internal variants that could increase discriminative power 

(Butler 2007; Yang et al. 2014). This thesis explores such sequence variants, which 

are discussed below. 
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Table 1.1 

Summary of standard autosomal forensic markers used globally. 

 

 

1.1.1.4 Typing STRs using MPS 

Typing STRs by their sequence has gained traction due to affordable custom-made 

forensic solutions designed for different massively parallel sequencing (MPS) 

platforms that became available in the past decade. When STRs are sequenced, 

the size of amplicons can generally be reduced, as the restriction of the colour-

channels and length-ranges of the CE assay does not apply. Furthermore, the 

number of amplified loci in one multiplex reaction can be increased, and combined 

with different types of markers as well. 

Sequenced PCR amplicons are analysed as reads, stacked into histograms 

(equivalent of peaks in an EPG) generating a representation of genotype calls 
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similar to customary CE. PCR-slippage artefacts are also observed in the stutter 

positions, with even greater sensitivity, down to the single-read level. The 

sequenced stutter alleles, however, have a better potential to be differentiated from 

minor components, as sequence variants may be observed between these, even if 

they may be indistinguishable by length. Setting a custom sequence-specific stutter 

filter has now become possible through knowledge of internal STR allele structures, 

parts of which may contribute differently to overall stutter level.  

One of the main advantages of sequencing for STR detection is the ability to 

separate isoalleles - STR alleles with the same length, but different sequences. 

STR detection with MPS therefore can improve forensic parameters for the markers 

by increasing allele diversity, increasing heterozygosity, decreasing relative allele 

frequencies, lowering random match probabilities, and overall increasing the 

discrimination power of the loci typed (de Knijff 2019b). 
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1.1.2 Single nucleotide polymorphisms (SNPs) and short 

indels 

1.1.2.1 Forensic use of SNPs 

Another class of markers that can be used for forensic purposes are single 

nucleotide variants (SNV), which are traditionally referred to as single nucleotide 

polymorphisms (SNP) when their frequency reaches 1% in the population, although 

it is generally accepted to refer to any SNV as a SNP (Budowle and van Daal 2008; 

International HapMap Consortium 2003). 

SNPs are highly abundant - on average, a human genome contains 3-4 million SNP 

differences when compared to any other (1000 Genomes Project Consortium 2015) 

- and are widely used for linkage analysis (Ott et al. 2015) and medical genetic 

studies (Rabbani et al. 2014), pharmacogenetics and toxicology (Yucesan and 

Ozten 2019) and genetic genealogy and citizen science (Jobling and Tyler-Smith 

2017). In forensic use, SNPs on the mitochondrial DNA (mtDNA) are used to define 

haplotypes that can provide matches or exclusions between mitotypes (Parson et 

al. 2014); they also define lineages that form a phylogeny and allow classification 

into SNP-based haplogroups (van Oven and Kayser 2009). SNPs on the male-

specific region of the Y-chromosome (MSY) likewise define haplogroups that form 

a phylogeny, and while not much used as a primary tool in forensic genetics, 

provide an evolutionary framework that allow STR haplotypes to be better 

understood (Jobling 2001). 

Autosomal SNPs are used in several different contexts in forensic DNA analysis 

(Budowle and van Daal 2008). Ancestry informative SNPs provide a probabilistic 

approach to biogeographical ancestry for investigative leads (Phillips 2015), with 

low heterozygosity and high FST (fixation index) values, meaning they are less 

variable and can be nearly fixed for the considered population (Frudakis et al. 

2003). Phenotypically informative SNPs can be used with a probabilistic approach 
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to estimate phenotypic traits, such as hair, eye and skin colours for investigative 

leads (Chaitanya et al. 2018). 

Sets of identity informative SNPs (iiSNPs) were selected for high global 

heterozygosity and low FST values (being very variable and not population-specific), 

and can be used as an alternative to STRs to differentiate and identify individuals 

(Sanchez et al. 2006). These are discussed further below. 

1.1.2.2 SNPs compared to STRs 

SNPs are stable markers with relatively low mutation rates compared to STRs 

(Sobrino and Carracedo 2005). The iiSNPs are ideal when STR markers fail due to 

non-ideal sample quality (Budowle and van Daal 2008), as amplicons targeting 

these single nucleotide sequence variants can be shorter (<100 bp) than STR 

amplicons (up to ~400 bp), and therefore amplifying SNPs is more likely to be 

successful from degraded samples, for example identification of unknown remains 

in missing person cases (Sobrino et al. 2005). Due to their mostly biallelic nature, 

SNPs are less individually variable than STRs, and therefore the number of SNP 

markers to be typed to determine identity is higher than the corresponding number 

of STRs (Gill 2001). In order to reach comparable discrimination power an 

estimated ~100 highly heterozygous SNPs can be the equivalent of ~16 STRs . 

SNPs can be multiplexed to higher levels for CE analysis, up to ~50-plex, but there 

are also other detection methods which can increase the number of analysed SNPs, 

such as massively parallel sequencing targeting virtually unlimited number of SNPs 

in one experiment or hybridisation to microarray chips which allow detection of over 

a million SNPs at once. Detection of SNPs at this scale is automated and 

interpretation of genotypes is not affected by artefacts like stutter in the case of STR 

typing. The limited allele diversity compared to STRs makes SNPs less informative 

for mixture deconvolution, and SNPs in forensic genetics are excellent tools to 

extend, but not to replace the capability of currently routinely typed STR markers 

(Butler and Hill 2012; Pontes et al. 2015). 
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When considering STRs and SNPs within the phylogeny of the Y chromosome, the 

mutation rate of SNPs (~10-8) is lower compared to STRs (in general ~10-3-10-4 or 

as high as ~10-2 for rapidly mutating Y-STRs). Since the phylogeny reflects 

sequential changes to the Y-chromosomes, the observed SNPs reflective of certain 

branches of the Y-chromosome tree could be associated with broader 

biogeographic origin (Jobling 2001). 

Since STRs are mutating at a higher rate on a slower changing SNP-based 

framework of the Y chromosome, the observed allelic ranges of Y-STRs within a 

clade with shared ancestry are not random, and therefore Y-STR haplotypes can 

be used to infer membership of a clade, which is the basis of haplogroup prediction.  

1.1.2.3 Typing SNPs 

Several detection technologies were established in the last decade using different 

approaches: allele-specific hybridisation, primer extension, ligation or cleavage 

(Sobrino et al. 2005; Sobrino and Carracedo 2005); some of these require large 

amounts of input DNA, and some are limited in their ability to multiplex. 

Multiplexed typing of SNPs for general forensic purposes can practically be 

achieved via capillary electrophoresis using SNaPshot assays (Tully et al. 1996), 

where markers are targeted with locus-specific primers adjacent to the SNP which 

are then extended with fluorescently labelled nucleotides, specific either to the 

ancestral or derived alleles. For clear spatial separation long-tailed primers are 

used and the genotypes of the samples are interpreted from the generated 

electropherograms. 

SNPs can also be determined by direct sequencing of the region of interest; 

however, using classic Sanger sequencing is impractical when large numbers of 

targeted SNPs are scattered along the genome. Instead, this method is used when 

SNP detection in confined to a shorter region, for example sequencing mtDNA to 

define a SNP haplotype. 
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A genomewide SNP-typing alternative is a relatively affordable and accurate way 

to type even millions of SNPs at once using microarrays also known as `SNP chips` 

(Ragoussis 2009). The technique uses an array of short (~50-nt) oligonucleotide 

probes, to which whole-genome amplified DNA fragments anneal and serve as 

templates for the extension of these short probes as primers, incorporating labelled 

terminating nucleotides reflecting the intrinsic variants. The variants are detected 

by measuring fluorescence intensities, which are then converted to genotype data. 

Though this method is very reproducible and effective, unaccounted variants can 

interfere with the annealing effectiveness and can miss typing certain variants. 

Therefore, with the increasing affordability of whole genome sequencing (WGS), 

the most reliable way to type SNP variants unbiased is to sequence the genome 

and extract the SNP variants from it. 

With the spread of massively parallel sequencing the classical Sanger sequencing 

method can be replaced by faster and affordable high-throughput options, with 

nearly unlimited multiplexing of amplicons targeting hundreds of diverse set of 

SNPs into one MPS reaction. SNPs can also be combined with other markers in 

these approaches to increase informativeness. The interpretation of the sequence 

reads from MPS is often aided by automated software to determine the genotypes.  

1.1.2.4 Using SNP data and databasing 

SNP-based identity genotypes derived from degraded DNA cannot be searched 

against STR-based national databases and so requires a separate SNP-based 

database of reference samples to be created for practical forensic use (e.g. missing 

persons, unidentified remains, disaster victim identification).  

Some information of forensic relevance can be gleaned from the Single Nucleotide 

Polymorphism Database (dbSNP) at NCBI which catalogs known SNP variation 

including short insertion/deletions (indels) and provides each with a unique identifier 

in the form of a Reference SNP (rs) number. Frequency information in a number of 
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large-scale population studies and information about the variants known to affect 

phenotypes are also available. 

Large publicly available datasets, such as the 1000 Genomes Project 

(https://www.internationalgenome.org/data), the Human Genome Diversity Panel 

(HGDP; http://www.cephb.fr/hgdp/), the Simons Genome Diversity Project 

(https://reichdata.hms.harvard.edu/pub/datasets/sgdp/), and the Personal Genome 

Project (https://www.personalgenomes.org/) also allow access to a large collection 

of human SNP genotypes typed in populations chosen to survey diverse 

biogeographic variation, usually the available SNP data is array-typed or 

sequenced using whole genome sequencing (WGS).  

1.1.2.5 Mitochondrial DNA typing 

Analysis of mitochondrial variants is a long-standing branch of forensic SNP 

analysis; due to its relatively small-sized circular genome of ~16.6 kb and its 

abundance in the cell, it was sequenced early on (Anderson et al. 1981) and has 

been extensively used in forensic typing of heavily degraded (Torroni et al. 2006) 

or ancient remains (Krings et al. 1997). 

MtDNA is a lineage marker, shared by maternal relatives and passed down 

maternally without change, except mutations. The high level of oxidative stress in 

this organelle together with the unique characteristics of nucleic acid organisation 

and repair systems accounts for its elevated mutation rate, which is at least one 

order of magnitude higher than that of nuclear DNA (Alexeyev et al. 2013; Just et 

al. 2015).  

MtDNA sequence variants are the result of mutations which accumulate 

sequentially creating diverging lineages (haplotypes) which are clustered within 

phylogenetically related groups, haplogroups, derived by descent from a common 

ancestral mtDNA bearing distinctive SNPs (Torroni et al. 2006). In practice, this 

picture is complicated by the particularly high mutation rates of some sites, where 

https://www.internationalgenome.org/data
http://www.cephb.fr/hgdp/
https://reichdata.hms.harvard.edu/pub/datasets/sgdp/
https://www.personalgenomes.org/
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back and recurrent mutation is relatively common; these can lead to reticulate 

structures within a network of mtDNA haplotypes. 

The mtDNA control region is 1122 bp long and contains three hypervariable regions 

(HV1, HV2 and HV3) that show particularly high degrees of variation between 

individuals (Figure 1.5). Originally only these specific regions were targeted in 

forensic analysis, since they contain sufficient sequence variants to be informative 

for most forensic applications, but currently sequencing of the whole control region 

or the whole mtDNA is regarded as a better approach to avoid the introduction of 

errors from artificial recombination (Parson and Bandelt 2007; Parson et al. 2014). 

 

 

 

 

 

 

 

 

 

Figure 1.5 
The human mtDNA. 

Schematic representation of the molecule, highlighting the control region and the 
hypervariable segments (HV1, HV2, HV3) with their bounds given by nucleotide 
coordinates according to the rCRS. 

 

Heteroplasmy refers to more than one type of mtDNA being detected within a 

single-source sample. Heteroplasmic sites can be defined as point heteroplasmy 

(PHP) affecting a single nucleotide or length heteroplasmy (LHP), where the length 

of an array of nucleotides is variable due to insertions and deletions. PHP is 
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recognised as a mix of two bases at a single position, usually at the hypermutable 

sites that form reticulations within mtDNA phylogenies, while LHP is observed in 

relation to long homopolymeric tracts, such as polyC tracts in HV1 and HV2. 

Reporting of LHP is often omitted as detection is dependent on technical conditions, 

and therefore it is also ignored in database searches. The extent of heteroplasmy 

between and within tissues can vary (Parson and Bandelt 2007; Parson et al. 2014), 

as can the limit of detection, but generally Sanger sequencing is able to detect 

heteroplasmic minor components at about 10-20% (Just et al. 2015). 

MtDNA is a single locus, and its SNPs are linked within a haplotype. Sequencing 

full mitochondrial genomes with classical Sanger-sequencing to explore these 

variations is costly and time consuming, therefore forensic laboratories which have 

implemented techniques to utilise the information from the extranuclear genome 

have generally compromised by sequencing only the most variable regions of the 

mtDNA, in the non-coding control region. This region is under less constraint due 

to not encoding proteins, and therefore can accumulate more mutations than the 

coding region, where changes can affect the function of the organelle and the cells 

containing it. 

Cases that can benefit from mtDNA analysis are usually those with limited access 

to nuclear DNA, such as hair shafts, bones, teeth and highly degraded samples, 

including charred or decomposed remains in unidentified and missing persons 

cases, and any other kinship testing that may require comparison of distant relatives 

within the maternal lineage (Just et al. 2015; King et al. 2014; Parson et al. 2014). 

Apart from Sanger-sequencing, other avenues to analyse variation in the mtDNA 

include SNaPshot-based screening to genotype selected SNPs by primer extension 

(Weiler et al. 2016) or the use of MPS for mtDNA typing in a high throughput form 

making it more affordable, while also simplifying the analysis (Irwin et al. 2011; 

Parson and Dur 2007; Parson et al. 2014). This approach capitalises on the 

massively parallel nature of this sequencing technology, where high depth of 

coverage can be achieved at relatively low cost to raise the sensitivity of detection 
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of minor components and authentic heteroplasmic sites even below the previously 

often imperceptible 5% limit and help them to be distinguished from ‘noise’ (Just et 

al. 2015). 

Interpretation of mtDNA variants is based on alignment to the reference sequence 

(revised Cambridge Reference Sequence, rCRS; Andrews et al. 1999) and can be 

controversial at times. To minimise ambiguous typing of variants nomenclature 

unification guidelines for forensic casework and population studies were provided 

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

(Carracedo et al. 2000; Parson and Dur 2007; Parson et al. 2014). Online 

resources, such as EMPOP (www.empop.org), were created to provide a centrally 

curated, quality controlled forensic mtDNA nomenclature and database, a global 

collection of mtDNA haplotypes and associated tools (Parson and Dur 2007). A tool 

of EMPOP, SAM2, specifically provides a phylogenetically corrected realignment of 

the observed variants to avoid ambiguous alignments resulting in false exclusions, 

unidentified matches and biased frequency estimates for forensic mtDNA typing 

(Huber et al. 2018). This approach shows the variants which may not be the most 

parsimonious to the reference sequence, but the most closely related to their 

neighbours on the mtDNA phylogeny, therefore the described variants are more 

reflective of the actual sequential changes on the mtDNA, than transformed onto a 

derived form of reference sequence. The latter approach is more prone to generate 

false variant calls; for example the variant 16193T near the C-stretch region of HV1 

is instead expressed as a longer string, but phylogenetically more accurate variants 

of 16191.1C 16192T 16193del. This is particularly important for haplogroups where 

the signature mutation is 16192T and the additional variants have occurred on this 

background (Huber et al. 2018). 

1.1.2.6 Short insertions or deletions 

While indels can affect large (up to multi-megabase) segments of the DNA, short 

indels from a single nucleotide up to ~25 nucleotides are often analysed together 

with SNPs. Though indels are heterogenous in origin and characteristics, their 

http://www.empop.org/
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mutation rates are more comparable to those of SNPs (Montgomery et al. 2013). 

The presence of the same indel in a non-structured sequence is likely the result of 

shared ancestry (identity by descent). Indels are also biallelic markers and similarly 

to SNPs a large number of them need to be analysed to be reasonably informative 

(Zidkova et al. 2013). Similarly to STRs, the population frequencies of indels need 

to be surveyed for them to be used for identification purposes (LaRue et al. 2012). 

Due to the length difference between alleles these are also ideal to be analysed by 

electrophoresis. 

Though it cannot be considered strictly as an indel, a particularly relevant 

polymorphism is the 6-bp difference between the gametologous X and Y 

chromosome forms of the Amelogenin marker, AmelX and AmelY, the former 

bearing the deletion and therefore being shorter, a difference that is easily 

distinguishable by CE (Sullivan et al. 1993). Amelogenin therefore became the 

standard sex-typing marker present in most commercial multiplexes, although 

additional markers are often included considering that Y chromosomes with 

different deletions affecting the AmelY form of the marker exist (Jobling et al. 2007) 

and therefore their sex could be typed incorrectly as female (Santos et al. 1998; 

Thangaraj et al. 2002). Many of these deletions share common ancestry, for 

example the AmelY drop-outs related to the Indian subcontinent are known to 

belong to a J2b2-M241 Y-chromosomal lineage (Cadenas et al. 2007). Rarely, 

primer binding site mutations can cause either of the AmelX or AmelY forms of the 

marker to be typed as absent (Roffey et al. 2000; Shadrach et al. 2004). When 

included, additional Y-STR typing, can confirm the sex status together with 

Amelogenin (Butler 2005). 

1.1.2.7 Short indels around STRs 

Allelic STR length-variants mostly have different numbers of repeats compared to 

the genomic reference sequence; although these are often described as a special 

class of indels (Montgomery et al. 2013), here they are not regarded as such. An 

alignment-based view of STR amplicons is justified in the flanking regions, but when 
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variants are observed within the array, such reference-based comparison is not 

biologically sensible or practical, and in any case nucleotide changes or indels can 

rarely be pinpointed to exact genomic coordinates.  

In a forensic context the relevance of indels is not only their potential to interrupt 

primer binding sites, thus affecting genotyping via missing (null) alleles, but also the 

potential for them to occur within an amplified region, thus affecting the amplified 

fragment length. 

Short indels can also occur within the repeat arrays of STRs, and are represented 

by unusual allele lengths out of the expected register for uninterrupted n-mer 

repeats (‘bins’). These intermediate alleles have been investigated by sequencing 

to explain the reason for such occurrences; some originate from the insertion or 

deletion of a part of a repeat unit, thus creating a partial remainder, which is then 

expressed in the allele name by adding the number of orphan nucleotides after a 

dot (e.g. 9.3, 12.1, 31.2). The other class of indels occurs outside the arrays, in the 

flanking regions, and depending on the different primer binding sites used by 

different multiplex kits may cause discordant results between the CE-typed alleles 

at the affected locus. 

1.2 Massively parallel sequencing and its use in 

forensic genetics and genomics  

1.2.1 Massively parallel sequencing  

1.2.1.1 Massively parallel sequencing technologies 

Classical Sanger-sequencing is a trusted standard method, in which the DNA 

sequence is determined during the synthesis of a DNA chain using the incorporation 

of nucleotide-specific fluorophores attached to chain-terminating modified 

nucleotides. The electrophoretic separation and detection of the generated labelled 

fragments reveals the DNA sequence of the sample (Heather and Chain 2016). The 
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method is relatively slow and expensive for sequencing large segments of the 

genome due to its serial nature, even though it has low error rates. An affordable 

alternative when sequencing many targets (different markers and individuals), is 

next-generation sequencing (NGS), which has evolved in the last two decades. 

Various platforms offer different advantageous features, and together these 

technologies are referred to as next-generation sequencing or more accurately as 

massively parallel sequencing, MPS (and sometimes as second-generation 

sequencing). Another term, ‘third-generation sequencing’, is used for the subset of 

these methods which uses long-read sequencing on single DNA molecules, such 

as Oxford Nanopore Technology and Pacific Biosciences sequencing. 

Though the underlying technologies vary, these all use massively parallel 

approaches to generate large quantities of sequence data (in the range of millions 

of reads) from multiple samples during the course of a single experiment. Such 

robust capacity and high throughput decrease the cost per nucleotide sequenced: 

by early 2017 the cost of sequencing a human-sized genome came close to 1000 

USD (https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data). 

While the length of generated reads for some platforms is still on the short end of 

the scale, for example ~300 bp for Illumina®, or ~400 bp for Ion Torrent, some 

platforms allow highly increased read lengths, over 2 Mb with Oxford Nanopore 

ultralong reads and an average of 10-15 kb long with PacBio sequencing (Rhoads 

and Au 2015). MPS achieves a high sensitivity by generating large number of 

multiple reads concurrently during a run, resulting in a high coverage that mitigates 

the relatively high sequencing error rates, upon which these platforms are 

constantly improving, to provide more and more reliable alternatives to Sanger 

sequencing.  

MPS made sequencing more accessible and effective not just for forensics, but 

many research fields from microbial metagenomics to medical diagnostics (Fuller 

et al. 2009; Goodwin et al. 2016; Quail et al. 2012; Reuter et al. 2015; van Dijk et 

al. 2014). 

https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data
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1.2.1.2 Massively parallel sequencing process 

In MPS analysis the process of preparing samples prior to sequencing is referred 

to as ‘library preparation’. For short-read approaches this requires initial tailoring of 

the insert DNA to the desired fragment length, which can be achieved either by 

enzymatic fragmentation, physical shearing or using PCR to generate amplicons; 

for long-read approaches, the DNA can be left in its native unfragmented state. The 

generated DNA fragments are prepared by adding terminal adapters, which contain 

specific sequences for sequencing initiation and indices (barcode sequences) 

giving the ability to multiplex several samples in one experiment. 

Sequencing-by-synthesis (SBS) methods detect a signal at the incorporation of 

nucleotides into a growing strand. Depending on the platform, this can be by visual 

detection of different fluorescent signals (Illumina® platforms), or by measuring 

quasi-proportional electrochemical signals (Ion Torrent platforms) that occur during 

incorporation events. In both approaches the sequences of nucleotides can be 

recorded in parallel for millions of clusters each consisting of thousands of clonal 

copies of single molecules (Goodwin et al. 2016; Heather and Chain 2016; Reuter 

et al. 2015). 

The focus here will be on the technology offered by Illumina®, since this dominates 

global sequencing production today, and was the technology used in this thesis. 

Illumina® offers a range of platforms from benchtop to production-scale, with 

different sequencing capacities, and these all use the SBS technology with cyclic 

reversible termination and optical detection. This, in principle, is similar to the 

Sanger-method, but different in that the termination of synthesised DNA chains is 

reversed in each cycle. 

The sequencing starts by clonal amplification to increase signal strength (Figure 

1.6). This is performed by ‘bridge amplification’ on the surface of a glass sequencing 

chip, which is preloaded with forward and reverse primers that are complementary 

to parts of the adapter sequences; the templates bind to these sequences forming 

bridge-like structures, along which amplification takes place. The newly generated 
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products act as templates themselves, binding to nearby fixed primers and the 

exponential amplification generates a positionally defined cluster of thousands of 

clonal copies of the original template. Sequencing of these amplified molecules 

synchronously in a cluster give detectable uniform visual signal during the 

subsequent SBS steps.  

In the case of the Illumina® MiSeq® device (used in this thesis), during the 

sequencing phase the machine uses four different fluorophores to label and also 

temporarily block bases in each cycle. These nucleotides hybridise to their 

complementary sequences in the clusters of templates, and when excited emit a 

colour specific to the base incorporated. In each sequencing cycle these signals 

are imaged, then the fluorophores are cleaved off, permitting the next cycle of 

nucleotide addition, until sequencing is completed (Goodwin et al. 2016; Reuter et 

al. 2015). 

Figure 1.6 
Illumina®’s sequencing-by-synthesis method. 

(adapted from: www.illumina.com)  

 

http://www.illumina/
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Once sequencing is complete, the device’s software demultiplexes the reads 

according to the index sequences and assigns the detected reads to each analysed 

sample. Reads are compiled per sample and per read direction: read1 (R1) in 

single-end (SE) and read1 and read2 (R1, R2 respectively) in paired-end (PE) 

sequencing modes, which sequence respectively one or both strands of the bound 

library molecules; the latter improves quality of basecalls. The MiSeq® itself 

performs a level of adapter sequence removal, but this process is often incomplete 

and can be improved by standalone software as detailed in Chapter 2, Section 

2.3.2, on quality control of raw FASTQ files. The output files of each run provide 

details of the sequencing and samples analysed and the index combination used 

to identify them. The run information also contains metrics and statistics that can 

inform the user about distribution of reads along the sequencing chip, quality of 

reads in the form of Q scores (a quality score scale representing the probability of 

erroneous base calls, for example Q40 means a probability of 1 error for every 

10,000 nucleotides), detailed run-specific metrics for sequencing read and index 

cycles and the balance of multiplexed samples according to their index sequences. 

These can be reviewed independently from the sequencer using the raw output files 

with the free software Illumina® Sequencing Analysis Viewer (SAV v2.4.7), which 

generates a graphical output as shown on Figure 1.7. 
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Figure 1.7 
Run analytics. 

Examples of run analytics (cluster count, density, Q score and adapter counts) provided 
by Illumina Sequencing Analysis Viewer software (SAV v2.4.7). 
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The generated raw files are provided in a compressed FASTQ format, which 

besides the read and sequence information (which are also found in FASTA files) 

contains the respective quality information as well for each of the called bases in 

the reads. The generated FASTQ files can be analysed by the MiSeq FGx® 

machine’s integrated ForenSeq™ Universal Analysis Software (UAS), or can also 

be used as an input for other third-party software to analyse the sequencing results. 

1.2.2 Application of MPS in forensic genetics and genomics 

While MPS approaches have been around for more than a decade, previously they 

could not meet the requirements and the limited budgets of forensic DNA analyses 

and therefore were no competition to the established CE-based method of STR 

typing, or the Sanger-type sequencing standard (Borsting and Morling 2015). With 

the technological advances of the last decade and developments in chemistries, 

some MPS platforms now offer truly affordable alternatives to CE in forensic DNA 

analysis (Yang et al. 2014). 

1.2.2.1 Advantages of MPS for forensic use 

MPS has many appealing qualities to the forensic community: it is a high-throughput 

technique using a massively parallel approach to generate large quantities of 

sequence data in a single experiment, where the unique tagging and pooling of 

individual samples allows the reduction of cost per analysed marker (Borsting and 

Morling 2015). Compared to CE, MPS has the potential to provide results for a wider 

range of markers, in a relatively shorter time and with more resolution to the 

analysis; can process up to 96 samples at once and could offer to combine different 

types of markers in a single experiment for maximum information gain with minimal 

sample usage (Figure 1.8). MPS techniques are able to sequence millions of 

molecules at a time and the generated data can provide from high to extremely high 

coverage of the regions examined, depending on the set-up and marker types; they 

are therefore able to generate very accurate consensus sequence data and 

resolution of variants beyond what is provided by CE analysis (Yang et al. 2014). 
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Figure 1.8 

Forensic markers. 

Forensic markers targeted in a single reaction in this study using the Promega 

PowerSeq™ Auto/Mito/Y System prototype MPS kit. Adapted from Jobling and Gill 

(2004). 

 

MPS can distinguish between the alleles of isometric heterozygotes or isoalleles, 

alleles with the same length, but different sequence variants (Gettings et al. 2015). 

These allele types are shown as homozygotes by CE-typing, and therefore 

resolving them as separate alleles by their sequences can be particularly useful in 

mixture deconvolution, typing low-template DNA and degraded samples, or could 

help differentiate stutter peaks from minor contributors, when these are different 

sequence variants (Yang et al. 2014). In MPS, STRs of the autosomes and the Y 
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and X chromosomes can be sequenced in the same single reaction or combined 

with parts of the mtDNA (Warshauer et al. 2015b). While not every case requires 

such extensive analysis, it generally gives better value to have these generated at 

the same time, in the same workflow, from the same amount of sample; when a 

case requires lineage markers to be investigated by CE, these take up extra time 

and labour, incur further cost, and use up more of the sample (Willems et al. 2014; 

Zhao et al. 2015). 

1.2.2.2 Improving STR typing 

CE typing utilises only the size difference between STR alleles, while MPS analysis 

offers an insight into sequence level variation, which has the potential to increase 

the number of alleles observed at a locus, thus increasing power of discrimination 

for forensic markers. There has been a tendency worldwide to increase the number 

of STR loci, for example the introduction of the DNA-17 set of markers into the UK 

NDNAD (UK National DNA Database) in 2014 and the extension of CODIS 

(Combined DNA Index System) to store and compare 20 STR markers 

implemented in the US in 2017. These extensions were introduced to further 

decrease the probability of finding a random match to a profile, to compensate for 

some markers often left untyped in compromised-quality samples, and to aid 

international compatibility of profiles where different national databases were based 

on different marker sets. Using MPS can also potentially offer a similar increase in 

power of discrimination of already used markers without necessarily introducing 

new loci. MPS can offer better resolution of variants when comparing genotypes 

generated with this same technique; however, when comparing to previously CE-

typed length-based profiles this advantage is lost. The sequenced alleles convey 

length information and thus MPS alleles are backward compatible and comparable 

to CE-derived alleles, but previously typed samples (if available), need to be 

retyped with MPS to make comparisons at the sequence level. 

One of the common sources of length-based discordance between different kits 

(CE or MPS) used for typing STRs, is the presence of flanking region indels, due to 
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different primer positions, therefore whether the primers include flanking indels or 

not can have an effect on the length-based allele designations. 

 

Figure 1.9 
Effect of indels in an STR locus. 

Indels internal to the array or in the flanking region may result in the same allele by length 
(here 9.3), but different by sequence. Deletions affecting the primer binding sites may 
result in failed amplification. 

 

As an example, in Figure 1.9 an allele 9.3 for an AATG repeat locus could mean 

nine whole repeat units plus three remaining ATG nucleotides; however, it could 

also be an allele 9.3 but with 11 whole repeats and a 7-bp deletion in the flanking 

region enclosed by the primers; their lengths are identical, but the difference can 

only be observed by sequencing.  

The positions of MPS primers are important, similarly to differences between 

different CE typing kits explained in Section 1.1.2.7. Variation in the positioning of 

primers within and between MPS- and CE-based detection kits from different 

suppliers can lead to them targeting different parts of the flanking region, potentially 

affecting the overall length-based allele designation if indels are present in or 
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around the repeat arrays. If in Figure 1.9 a primer were placed between the 7-bp 

flanking indel and the array, the length of the allele would be typed as 11, rather 

than 9.3, which could create a discordance with primers placed further 3´ including 

the indel, resulting in a 9.3 length-based allele as shown in the Figure. 

Unfortunately, when indels affect the primer binding sites this can result in 

unsuccessful amplification in both CE and MPS kits.  

In conclusion, sequence-level differences and the exact source of intermediate 

variant alleles remain hidden with length-based detection; however, sequencing of 

STRs resolves these differences and help to identify where indels occurred within 

an amplified region. Sequencing can also resolve occasional discordant results and 

their origins between different kits. 

1.2.2.3 Forensic use of MPS beyond STRs 

MPS can also reveal information on identity informative SNPs in the same single 

reaction, as in the ForenSeq™ DNA Signature Prep Kit of Verogen. Although these 

are not usually asked for in a case, typing these SNPs together with the STRs can 

be useful for providing a way to identify heavily decomposed remains, when STRs 

fail due to the level of degradation affecting the DNA. Specific SNPs can also offer 

investigative leads by the prediction of possible phenotypic traits or biogeographical 

origin of a person of interest. 

1.2.2.4 MPS options and challenges of implementation 

Commercial companies are offering different platforms that are adapted to forensic 

use: Verogen offers a fully validated ready-to-use system, the MiSeq FGx® Forensic 

Genomics System, and Thermo Fisher offers its Ion ChefTM and Ion S5TM platform.  

Some countries are in the process of implementing MPS to supplement CE-based 

analysis. Currently a limitation to the use of MPS platforms in most countries is 

legislative, as this type of data needs to be considered and approved ethically, and 

its use be validated approved and regulated. The change in technology is also 
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inhibited by the logistical adjustment and cost that is required from laboratories 

using CE to implement MPS and its specialist equipment into their workflows, and 

also by the lack of large databases that can accept, store and compare sequence-

based designations (de Knijff 2019b). 

To facilitate the transition from length-based to sequenced STR alleles a unified 

nomenclature would be an ideal solution. However, this is not available to date, in 

spite of suggestions and considerations on the matter (Bodner et al. 2016; Gettings 

et al. 2015; Parson et al. 2016; Rajeevan et al. 2012; Warshauer et al. 2015b; 

Willems et al. 2014; Zhao et al. 2015). Currently there is no unified consensus or 

agreement as to how to extend the current system so it can capture, analyse and 

report the sequence variants in an unambiguous manner. In 2019 a meeting of 

stakeholders facilitated by the STRAND (‘Short Tandem Repeat: Align, Name, 

Define’) working group set the suggested formats for reporting sequenced alleles 

and highlighted the potential pitfalls based on user experiences (Gettings et al. 

2019). A harmonised way of reporting is essential for comparison of results between 

different platforms and different laboratories. 

1.2.2.5 Latest developments in MPS and its future use in the UK 

In 2019 the first criminal conviction using MPS-derived data was secured in the 

Netherlands in a sexual assault case (https://verogen.com/news/ first-criminal-

conviction-with-next-gen-forensic-dna/; de Knijff 2019a), and in the US the FBI 

approved the first products that can be used to generate MPS-derived data that can 

be uploaded to the National DNA Index System (NDIS).  

In the UK, MPS is currently considered only for providing investigative leads; one 

of the largest Forensic Service Providers (FSPs), Cellmark Forensic Services, is 

set to offer MPS-based analysis for the UK police forces 

(https://www.cellmarkforensics.co.uk/news/next-generation-forensic-dna-

analysis). To introduce this technique to routine casework, population databases 

are needed which are tailored to the UK and its main regions and ethnic groups, 

which would be able to highlight any substructure that may affect the prevalence of 

https://verogen.com/news/first-criminal-conviction-with-next-gen-forensic-dna/
https://verogen.com/news/first-criminal-conviction-with-next-gen-forensic-dna/
https://www.cellmarkforensics.co.uk/news/next-generation-forensic-dna-analysis/
https://www.cellmarkforensics.co.uk/news/next-generation-forensic-dna-analysis/
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certain variants according to their ancestry. These would be able to give statistical 

weighting to the generated profiles, as do currently available CE-based STR allele 

frequency and haplotype frequency databases. For the UK, Devesse et al. (2018) 

generated sequence-based autosomal STR population data representing White 

British and British Chinese populations within the UK. In this work this is 

supplemented with autosomal and Y-STR data, as well as mtDNA control region 

information for 362 samples across the British Isles, a sample set selected for 

minimal admixture, represented by donors whose ancestors were living in rural 

areas within 50 miles from one another in the last two generations. 

1.3 Aims and objectives 

● To use MPS to analyse Y-STRs in a diverse set of samples based on a 

known phylogeny of Y chromosomes in order to capture a wide variety of Y-

STR sequences and place these in an evolutionary context 

○ To use the PowerSeq™ Auto/Mito/Y System kit to generate data for 

23 Y-STRs in a panel of Y chromosomes whose phylogenetic 

relationships are known from high-resolution sequencing 

○ To catalogue alleles and compare these with known Y-STR variants 

○ To consider repeat-motif and flanking sequence variation within the 

context of phylogenetic relationships and mutation rates of different 

variant types 

○ To ask if rare repeat-region variants affect the nomenclature of allele 

types 

 

● To use MPS to analyse mtDNA control region diversity in the same samples 

and ask how mtDNA variant typing behaves within the same workflow. 

○ To use the PowerSeq™ Auto/Mito/Y System kit to generate sequence 

data for the mtDNA control region in a panel of highly diverse global 

samples 

○ To assess the phylogenetic diversity in the sample set 
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○ To consider how single-multiplex typing affects the reliability of variant 

calling and the assessment of heteroplasmy 

 

● To use MPS to analyse autosomal STRs in the same samples 

○ To use the PowerSeq™ Auto/Mito/Y System kit to generate data for 

22 autosomal STRs in a panel of highly diverse global samples 

○ To catalogue alleles and compare these with known autosomal STR 

variation 

 

● To use the MPS methods described above to analyse sequences for forensic 

markers in a set of samples from the British Isles 

○ To use the PowerSeq™ Auto/Mito/Y System kit to generate sequence 

data for Y-STRs, autosomal STRs and the mtDNA control region in a 

panel of indigenous samples from the People of the British Isles 

cohort 

○ To catalogue Y-STR and autosomal STR alleles 

○ To use population genetic methods to compare the geographical 

distributions of Y, autosomal and mitochondrial diversity within the 

British Isles, and ask if any effects of sex-biased historical processes 

can be observed 

○ To provide a useful dataset of well-characterised indigenous samples 

for reference use. 
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CHAPTER 2: Materials and methods 

2.1 Sample sets 

This study uses two sample sets, each selected from previously published larger 

collections of samples. The first set represents global variation to maximise the 

captured sequence variability; and the second set represents the indigenous United 

Kingdom (UK) population. 

2.1.1 Samples of global variation 

One hundred male DNAs were selected to represent global variation from the 448 

samples from worldwide populations analysed by Hallast et al. (2015), who used 

sequence capture of 3.7 Mb of DNA from the male-specific region of the Y-

chromosome to identify 13,261 SNPs and form a maximum parsimony tree rooted 

using great ape sequences. They also typed the same samples by CE for the 23 Y-

STRs with the Promega PowerPlex® Y23 kit. 

The 100 samples for the current study were selected by ensuring that every major 

clade and deep-rooting node of the Y-chromosomal phylogeny was represented to 

maximise the captured Y-STR sequence variation. Figure 2.1 shows the 

geographic distribution of these samples and Table 2.1 lists these samples, 

detailing their use for each marker analysis. Sample information can be viewed 

interactively at this Microreact project (Argimon et al. 2016;  

https://microreact.org/project/U91JiX69f ). 

 

  

https://microreact.org/project/U91JiX69f
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Figure 2.1 

Geographical distribution of the 100 samples.  

The sample proportional map is generated using Microreact (Argimon et al. 2016). 
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Table 2.1  
Selection of the 100 global samples. 

List of the selected 100 samples with their geographical origins and previously published 
(Hallast et al. 2015) names. 
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2.1.2 Samples from the People of the British Isles 

The samples representing the UK were selected from the males of the People of 

the British Isles (PoBI) sample set (Leslie et al. 2015; Winney et al. 2012) provided 

by Prof Sir Walter Bodmer from the Weatherall Institute of Molecular Medicine, at 

the John Radcliffe Hospital, Oxford, UK. The People of the British Isles project 

(Leslie et al. 2015; Winney et al. 2012) captured the autosomal genetic variation of 

rural areas of the UK, based on SNP chip analysis of 2039 individuals. The PoBI 

set aimed to represent local ancestry, relatively unaffected by recent migrations, by 

recruiting individuals with ancestors known to have inhabited the same local areas 

for at least two generations.  

Limited by available sequencing capacity for the project, it was not possible to 

analyse all PoBI samples by MPS, therefore selection of a subset was required. 

The aim was to sample across all 45 PoBI regions available, planning to use a 

maximum of ten samples per region. All PoBI samples were from donors for whom 

all four grandparents were known to be local, defined by the mean of their 

birthplaces falling within a 50-mile radius. To emphasise the importance of Y 

chromosome locality, the selection was aimed especially at samples with known 

local paternal grandfathers. When the number of available samples meeting this 

criteria exceeded ten, priority was given to those for whom typed SNP array 

information was available. When all these criteria were found to be equal, samples 

were selected randomly.  

Three hundred and eighty-three males were chosen by this process originally; 

however, five individuals were shown to be female based on genotypes at 

Amelogenin and the Y-STRs, and a further sixteen were excluded from analysis 

due to overall low quality and degradation affecting the recovered data. This led to 

362 individuals being analysed for Y-STR markers and mtDNA control region 

variants. One further individual was excluded from autosomal STR analysis due to 

lower read counts potentially affecting accurate genotyping of these diploid 

markers, and therefore 361 samples were eventually analysed for autosomal STR 
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markers. Figure 2.2 shows the sample-sizes in proportion and their geographic 

distribution across the British Isles. Table 2.2 lists the samples and their populations 

of origin with the main geographic regions noted as SCO: Scotland; IRE; Ireland; 

IOM: Isle of Man; NW: North West; NE: North East; WAL: Wales, WM: West 

Midlands; EM: East Midlands; EA: East; SW: South West; SE: South East. Sample 

information can be viewed interactively at this Microreact project (Argimon et al. 

2016; https://microreact.org/project/jIcJm9Kgn). 

 

 
Figure 2.2 
Geographical distribution of the 362 PoBI samples. 

The sample map is generated using Microreact (Argimon et al. 2016). 

https://microreact.org/project/jIcJm9Kgn
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Table 2.2  
Samples selected from the PoBI study. 

The 362 samples analysed for Y- and autosomal STRs and the mtDNA control region. 
The sample marked ‘*’ was not analysed for autosomal STRs. 

cont. 
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2.2 Laboratory experiments 

2.2.1 Quantification of DNA 

Quantities of double-stranded DNA were measured using a Qubit® 2.0 fluorometer 

(Thermo Fisher Scientific) with the Qubit® dsDNA HS (high sensitivity) assay kit and 

the dsDNA BR (broad range) assay kit following the manufacturer’s recommended 

protocol. These assays are highly selective for double-stranded DNA over the 

ranges of 10 pg/µl – 100 ng/µl (HS) and 100 pg/µl – 1000 ng/µl (BR). The HS kit 

was used primarily to quantify DNA samples, while the BR kit was used mainly to 

quantify amplification products post-PCR during library preparation. 

2.2.2 Sample preparation specific to Promega PowerSeq™ 

Auto/Mito/Y System prototype 

2.2.2.1 Fragment generation by PCR 

Prior to any library preparation, fragments of the desired size need to be generated; 

in this study, the fragments were generated by PCR. Targeted STRs and the control 

region of the mtDNA were amplified in a single multiplex using the Promega 

PowerSeq™ Auto/Mito/Y System prototype reagents following the manufacturer’s 

recommended protocol (Promega 2015) adding 0.5 ng genomic DNA as template 

to the multiplex PCR reaction that contained a buffered master mix and primer pair 

mix for the amplification of the loci listed in Table 2.3 below.  
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Table 2.3  
Details of the STR loci and the mtDNA regions amplified. 

Fragment size ranges of the STR loci and the mitochondrial regions amplified in the 
Promega PowerSeq™ Auto/Mito/Y System prototype multiplex.  
Adapted from Promega (2015) 

 

 

Further information about the STR loci tested, their structure and genomic positions, 

is given in Table 2.4. 
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Table 2.4 
Repeat motifs and genomic positions of the nuclear genomic loci amplified. 
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Amplification was performed using a DNA Engine Tetrad2 (MJ Research), and the 

parameters used are shown in Table 2.5. 

Table 2.5  
Thermocycling parameters used with the Promega PowerSeq™ Auto/Mito/Y 
System prototype multiplex. 

The steps of amplification follow manufacturer’s recommendations. Adapted from 
(Promega 2015) 

 

2.2.2.2 Purification of PCR products 

Amplified products were purified using the MinElute® PCR purification kit (Qiagen) 

following manufacturer’s recommendations, with the addition of an extra washing 

step, resulting in a total of two washes with MinElute® PE buffer. To maximise 

product recovery the elution step was performed twice in 15 µl - a total of 30 µl pre-

warmed (~60oC) EB elution buffer. 

2.2.2.3 Quantification of PCR products 

Purified amplicons were quantified using the Qubit® dsDNA BR assay kit on a 

Qubit® 2.0 fluorometer (Thermo Fisher Scientific) following the manufacturer’s 

recommended protocol, and ~500 ng amplicons for each sample were taken into 

the library preparation steps. 
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2.2.2.4 Library preparation 

Library preparation was performed using Illumina® TruSeqTM DNA PCR-free library 

preparation LT and HT kits according to the manufacturer's protocols, with 

modifications suggested by the Promega (2015) protocol, which adjusts the general 

process to their specific product and workflow respectively.  

2.2.2.4.1 The characteristics of PCR-free library preparation  

This form of library preparation workflow has some unique features and 

advantages: this process is PCR-free, meaning the already amplified PCR products 

do not go through another amplification, which is generally a standard step to 

incorporate the adapters to the end of fragments. Instead, adapters are ligated to 

the fragments after the steps of fragment end-repair and A-tailing that prepares the 

fragments to accept the adapters in the subsequent ligation step (Figure 2.3). For 

this, the library preparation requires a large input, which is suitable for PCR-

generated amplicon sequencing. Ligated adapters are specific to this type of library 

preparation, and designed with a special Y-shaped structure, shown in Figure 2.3.  

The addition of adapters to the prepared fragment library is necessary to allow the 

molecules to hybridise to the preloaded, surface-bound complementary sequences 

on the sequencing chip, but also to add the option to multiplex more than one 

sample, by using adapters that include index sequences to allow sample 

identification after demultiplexing the results.  

The TruSeqTM DNA PCR-free LT or HT library preparation kits use two approaches 

to indexing the samples. The low throughput (LT) option offers two times twelve 

unique 8-nucleotide single index tags within the adapters to be added to one end 

of the fragment, allowing the multiplexing of up to 24 samples. The high throughput 

(HT) option offers multiplexing up to 96 samples using dual indexing - the 

combination of 8 and 12 different 6-nucleotide index tags, one at each end of the 

fragments, as shown in Figure 2.3. The difference between the two methods results 
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in different numbers of cycles to be used for index sequencing - 8 cycles for LT, 

and 12 cycles for HT kits. 

 

 

Figure 2.3. 
Dual or single index adapters. 

Adapters are ligated to the end-repaired, A-tailed amplicons creating sequence-ready 
products (adapted from: www.illumina.com ). 

 

A disadvantage of these adapters is that once added to the end of the fragments 

they change their mobility in separation, for example when using a Bioanalyzer; for 

this reason, libraries containing these type of adapters cannot be reliably quality 

checked by such methods, for example for size range or quantity. The advantage 

of adapter ligation, however, is that the method allows the fragments to be randomly 

inserted in either orientation with respect to the adapters, as opposed to PCR-based 

adapter incorporation, where adapters are tied to primers targeting the specific ends 

of the fragment (Figure 2.4). The latter method results in a fixed directionality with 

http://www.illumina.com/
http://www.illumina.com/
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regard to the P5 and P7 adapters, which mark specific ends of the molecules and 

are directing sequencing orientation. The latter method, combined with the often 

accompanying bead-normalisation which allows only one strand (the strand not 

physically bound to the SPRI normalisation beads, for example in ForenSeq™ DNA 

Signature Prep Kit, Verogen) to be sequenced, causes the same directionality to 

be carried over to the sequence reads. Thus, R1 always starts from the same end 

of the fragment, which means that the quality of base-calls decreases as 

sequencing progresses along the same direction of the fragment (Kim 2016). 

Therefore, to achieve good base-calling quality throughout the sequenced region it 

is necessary to apply paired-end sequencing, where R2 in the reverse direction will 

produce the same quality gradient in the opposite direction and therefore can 

compensate for the quality drop, thus generating an acceptable overall quality.  

 

Figure 2.4 
Differences between ligated and PCR-incorporated dual adapters and 
sequencing of the generated libraries.  
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If adapter-ligated libraries were subjected to bead normalisation and therefore 

stripped from their second strand prior to sequencing, these would still preserve 

both the directions as their second strand would just as likely be the forward strand 

as the reverse. 

In the adapter-ligation protocol used here, this issue does not arise due to the 

random addition of the adapters, and sequencing of both strands, which even in R1 

alone generates the same overall base-calling quality across the sequenced region. 

2.2.2.4.2 Size selection of libraries 

Selection of the ideal size range libraries followed the recommended protocol using 

magnetic bead-based selection; this step aims to remove any empty adapter-

dimers and similarly unproductive elements on the basis of their smaller size. 

2.2.2.4.3 Quantification of libraries 

Prepared libraries were quantified using the KAPA Library Quantification Kit for 

Illumina® platforms (Kapa Biosystems, later acquired by the Roche Group) with the 

LightCycler®480 (Roche) real-time PCR system following the manufacturer’s 

recommended protocol. Triplicate measures were used to define the mean 

concentration values, or identify and exclude outliers. Libraries were size-corrected 

to reflect actual concentration following the manufacturer’s and Promega 

PowerSeq™ Auto/Mito/Y System’s prototype protocol (Promega 2015). 

The KAPA Library Quantification Kit is designed for measuring the concentration of 

those molecules in libraries that are able to bind to the surface of Illumina® 

sequencing chips, to form clusters and thus to generate sequence information, and 

therefore is considered the most accurate way to measure and to balance samples 

prior to sequencing. The libraries were normalised to 4 nM concentrations and were 

then pooled using equal 5 µl volumes. The pooled libraries were re-quantified using 

the same kit and method to confirm dilution and overall concentration. 
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2.2.3 Sample preparation specific to Promega PowerSeq™ 

CRM Nested System, Custom 

2.2.3.1 Fragment generation and library preparation by PCR 

This library preparation is an application-specific method, in the form of a simplified 

single-step PCR reaction that amplifies the target regions of the mtDNA, while also 

adding the required adapter sequences to the amplified fragments in a single 

reaction. This step was performed following the manufacturer’s recommended 

protocol (Promega 2018) using 0.5 ng genomic DNA as template in a multiplex PCR 

comprising a buffered master mix, primer pair mix and index primer pairs for the 

amplification of the mtDNA control region as ten overlapping amplicons at the same 

time as dual indexing these samples. 

Amplification was performed using a DNA Engine Tetrad2 (MJ Research), with the 

parameters shown in Table 2.6. 

Table 2.6 
Thermocycling parameters used with the Promega PowerSeq™ CRM Nested 
System, Custom multiplex. 

The steps of amplification follow the manufacturer’s recommendations. 
Adapted from (Promega 2018) 
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2.2.3.2 Purification of amplified libraries 

The amplified products were purified and size-selected using an AMPure® XP 

magnetic bead-based purification method following the recommendations of the 

manufacturer. 

2.2.3.3 Quantification of amplified libraries 

Prepared libraries were quantified following the manufacturer’s recommended 

protocol using the Promega PowerSeq™ Quant MS System qPCR kit with a 

LightCycler®480 (Roche) real-time PCR system. Triplicate measures were taken to 

define the mean concentration values or identify and exclude outliers.  

The libraries were normalised to 4 nM concentrations and pooled using equal 5 µl 

volumes. The pooled libraries were re-quantified using the same kit and method to 

confirm dilution and overall concentration. 

2.2.4 Sequencing pooled libraries on the MiSeq® 

Pooled libraries were prepared following manufacturer’s recommendations; this 

includes the steps of denaturation, the addition of an internal sequencing PhiX 

Control DNA, and the dilution of libraries to 10-12.5 pM with a 10-15% PhiX ‘spike’ 

to compensate for low complexity libraries, following the protocols (Promega 2015, 

2018), and the manufacturer’s protocols.  

Sequencing of the prepared libraries from Promega PowerSeq™ Auto/Mito/Y 

Systems prototype experiments was performed on an Illumina® MiSeq®/MiSeq 

FGx® sequencer in ‘research use only’ (RUO) mode, using v2 (300 cycles) 

sequencing reagent kits, with the machine’s ‘Generate FASTQ’ workflow and with 

the SE sequencing method. 

Sequencing of the prepared libraries from Promega PowerSeq™ CRM Nested 

System, Custom experiments was performed on an Illumina® MiSeq FGx® 

sequencer in ‘research use only’ (RUO) mode, using v3 (600 cycles) sequencing 
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reagent kits, with the machine’s ‘Generate FASTQ’ workflow and with the PE 

sequencing method. 

2.3 Data analysis  

2.3.1 Output of sequencing runs 

At the end of the sequencing runs, the MiSeq® de-multiplexes the reads according 

to the index sequences and allocates each read to one of the samples, or otherwise 

marks them as unallocated. The reads are collated into raw compressed FASTQ 

files for each sample and for each read direction: read1 (R1) in single-end (SE) and 

read1 and read2 (R1, R2 respectively) in paired-end (PE) sequencing modes.  

Additional output files of each sequencing run, containing run information, metrics 

and statistics were reviewed independently from the sequencer using the Illumina® 

Sequencing Analysis Viewer (SAV v2.4.7) software.  

The raw compressed FASTQ files were downloaded and used as an input for other 

software. 

2.3.2 Quality check and control of raw FASTQ files 

The raw FASTQ files were checked using the FastQC v0.11.2 programme 

(Andrews 2010), which informs about quality of base-calling in the reads, sequence 

length distribution, overrepresented sequences or motifs, nucleotide content, and 

general quality metrics. This tool was used to monitor the files in raw and improved 

(QC-ed) state. Some specific features of a targeted MPS study can automatically 

raise quality flags; for example, sequencing PCR amplicons naturally causes high 

levels of duplicate reads, mtDNA sequences are always flagged as 

overrepresented due to their higher copy number, and sequenced STRs often show 

skewed nucleotide balance in reads due to their non-random, structured 

sequences. In respect of this type of study such flags are expected, and therefore 

can be ignored. 
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2.3.2.1 Trimming of reads 

To improve the quality metrics, adapter removal and quality-dependent end 

trimming was performed by using Trimmomatic v 0.32 (Bolger et al. 2014). This 

software removes low-quality base-calls from the reads, and with user-set 

parameters that include a defined list of adapters in FASTA format, removes any 

remaining adapters that escaped this process within the MiSeq®. 

For example, the arguments: PE ILLUMINACLIP:adapters.fa:2:40:15:1:true 

LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36, specify the software 

to: use the provided list of adapters in FASTA format to look in the PE sequence 

data for seed matches to these sequences, while allowing two mismatches; extend 

and clip these if a score of 40 is reached; remove the shortest fragments of adapters 

while keeping both reads; remove leading and trailing low quality bases below 

quality 3; and scan the reads with a 4-base window, cutting when average quality 

drops below 15. After performing these steps the program is instructed to remove 

any remaining reads that are 36 bases long. 

2.3.2.2 Optional error correction 

The trimmed reads can also be subject to error correction; however, this is only 

applied to reference sample typing for STRs. As very low component reads in 

mixtures, or in mtDNA heteroplasmy studies, could potentially be affected by this 

quality improvement method, it was not applied here prior to mtDNA analysis. 

Reads were screened for their error profiles and identified random errors were 

corrected using SOAPec v2.01 KmerFreq_AR and Corrector_AR tools (Li et al. 

2008). These tools screen the sample to identify random error in the reads 

compared to other sequence reads at that position and subsequently correct these 

errors using the rest of the samples as templates. 
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2.3.2.3 Quality controlled FASTQ files 

The FastQC programme was again used to confirm the improvement of the FASTQ 

files. The output files of these programmes were saved as quality controlled FASTQ 

files with a designated extension (.qc.fq) and were used as input for other data 

analysis software and command line pipelines. 

2.3.3 Analysis of mtDNA sequence data 

2.3.3.1 Variant calling pipeline 

A standard variant calling pipeline adapted for amplicon sequencing (omitting 

duplicate removal steps) was used to detect variants in the mtDNA control region 

from quality-controlled FASTQ files. This pipeline used the tools BWA v0.7.12 (Li 

and Durbin 2009) for alignment, SAMtools v1.3.1 (Li et al. 2009) for generating, 

sorting and indexing BAM files and calling variants, Picard v2.1.0 

(http://broadinstitute. github.io/picard) for adding read groups, GATK v3.4-0 (Van 

der Auwera et al. 2013) for local realignment, base calibration and coverage 

calculations, and VCFtools v0.1.15 (Danecek et al. 2011) for filtering variants. The 

reads were aligned to the revised Cambridge Reference Sequence (rCRS, 

GenBank accession: NC_ 012920.1; Andrews et al. 1999). Variants were also 

visualised and confirmed using the Integrative Genomics Viewer (IGV) tool 

(Robinson et al. 2011).  

2.3.3.2 Detection of nuclear mtDNA insertions (numts) 

In-house Bash scripts were used to filter reads amplified from numt sequences by 

focusing on numt-specific variants identified by clusters of differences to known 

current human mtDNA variation. For example the numt sequence described in 

section 5.3.7 was identified using an approximate regular expression search for 

GaccCaTccCcccttaaT/AttaagggGggAtGggtC sequences which covers the numts 

version of the rCRS from positions 16284-16301; the 5 mismatches to rCRS are 
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indicated by the capitalised letters. The reads identified as representing variants 

from numts were excluded from variant calling. 

2.3.3.3 Detection and quantification of indels in mtDNA 

In-house Bash scripts were also used to attempt assessments of the level of length 

heteroplasmy and to interpret insertions and deletions and other variants found in 

ambiguous regions, such as homopolymeric tracts and the AC-repeat region; 

detailed examples are given in Appendix E.  

2.3.3.4 Overarching Read Enrichment Option (OREO) 

Due to the proprietary nature of primer sequences in commercial kits, perfect primer 

removal from the reads is not possible without losing information on the cognate 

mtDNA data as well, therefore to find an alternative way to remove the primer 

interference from the results a further variant refinement option was introduced. 

Overarching Read Enrichment Option (OREO) is a Bash script tool designed for 

use with single multiplexes of overlapping amplicons, which identifies sequences 

that perfectly match a probe that extends beyond the 3′ end of putative primer 

binding regions with the aim of retaining only those reads which do not end in primer 

sequences, but overarch the queried region, as shown in Figure 2.5. 
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Figure 2.5 

OREO selects reads containing variants intrinsic to the mtDNA. 

Improving estimation of heteroplasmy using Overarching Read Enrichment Option 

(OREO). a) When overlapping amplicons (grey bars, top) are used to generate sequence 

data from the control region an alternative data processing approach is required because 

exact primer-derived sequences (black boxes) are not known. The sequence reads derive 

from the designed amplicons (orange), short overlapping amplicons (green) and longer 

reads (blue). b) The overarching read enrichment option (OREO) filters reads for the 

presence of specific in silico ‘probe’ sequences (white boxes). The probes are designed to 

enrich for reads spanning the primer site, thus excluding reads that carry variants copied 

from the primer sequences rather than from the mtDNA itself. c, d) Among the retained 

reads the proportion of reference and alternative alleles is measured and provides a less 

biased estimate of the level of heteroplasmy.  

 

The detected level of heteroplasmy is affected by the primer-derived sequences 

(Figure 2.5a).These overarching reads are selected by the script (Figure 2.5b and 

c) and are parsed into ancestral and derived categories (Figure 2.5d) according to 

their match to a tested pairs of probes with ancestral and derived alleles of the 

tested variants. From the proportions of these read categories, an accurate 

quantitation of heteroplasmy levels become possible, which is not affected by the 

bias from primer-derived sequences present at the end of reads. 

To increase the confidence of lower-level heteroplasmy detection and quantitation 

within the putative primer-binding regions, OREO was applied to the FASTQ files 

to filter the variants falling within the putative primer binding regions, and verify if 

the called variants were indeed of cognate mtDNA origin.  

2.3.3.5 Additional data analysis steps relating to the PowerSeq™ 

CRM Nested System 

As a consequence of the use of an overlapping amplicon design within a single 

reaction, shorter amplicons appear together with the intended size amplicons. 

These small fragments, having the size of the overlap only, mainly consist of primer 

sequences and still occupy many reads; however, they do not contribute new 
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information, and even increase any potential primer bias. The option of removing 

these from data analysis can be beneficial in reducing processing time, and in 

lessening any primer-derived bias. The primer-derived reference-bias phenomenon 

and the effect of shorter amplicons and primer internalisation are detailed in 

Chapter 5.  

To remove the short amplicons having only the size of the overlap, Trimmomatic 

v0.32 software was used this time as an in silico size selection step. FastQC 

software v0.11.2 generated a read-length profile plot for each sample, and after 

examining these a 95-bp cut-off limit was determined to safely remove reads below 

this length by Trimmomatic v0.32. 

2.3.3.6 Other options for mtDNA analysis or primer removal 

Two tools designed for the analysis of mtDNA MPS data were also tested: 

mtDNAServer (Weissensteiner et al. 2016a); and the trial version of the commercial 

software GeneMarkerHTS v1.2.2.1338 (SoftGenetics, LLC, 2018).  

To account for unknown primer sequences three methods were tested: Cutadapt 

(Martin 2011) and seqtk (available from: https://github. com/lh3/seqtk) to trim reads, 

and BAMClipper (Au et al. 2017) to trim BAM files. All three methods require the 

user to know, or alternatively to estimate, the primer lengths. 

2.3.3.7 Haplogroup assignments and phylogenetic relationships of 

samples 

Called variants were checked for correct nomenclature in a phylogenetic alignment 

context using the SAM2 tool of the EMPOP mtDNA database (Huber et al. 2018). 

Haplogroups were predicted and their relationships visualised using HaploGrep2 

HaploGrep2 (Weissensteiner et al. 2016b) and confirmed by the EMPOP EMMA 

tool (Rock et al. 2013). 

A maximum-likelihood phylogenetic tree of the control region sequences (from 

position 15,989 to 619) was constructed using MEGA v6.06 software (Tamura et 
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al. 2013) and was visualised using the software FigTree v1.4.3 (available at: 

http://tree.bio.ed.ac.uk/software/figtree/).  

A median-joining network (Bandelt et al. 1999) was built using control region 

sequence variants using the Network 5.0.1.1 freely available software and 

annotated using Network Publisher 2.1.2.5 commercial software (both from Fluxus 

Technology Ltd., available at: http://www.fluxus-engineering.com/). 

2.3.4 Analysis of STR sequence data 

2.3.4.1 FDSTools 

Quality-controlled FASTQ files were analysed primarily with the software FDSTools 

v1.1.1 (Hoogenboom et al. 2017) for autosomal and Y-STR sequence data. 

FDSTools is a circular self-teaching tool, allowing the identification of completely 

new variants as they are described. This flexibility provided by FDSTools was the 

most suitable for the data set of global samples which displays a wide range of 

variants. FDSTools is a bundle of Python tools with versatile packages that can be 

used modularly, or by a predefined pipeline. 

This analysis used a custom script utilising the following tool packages: ‘tssv’ for 

identifying sequence variants, ‘stuttermark’ to mark variant classes, ‘seqconvert’ to 

provide string and different bracketed formats of the results, and ‘vis’ to generate 

an html output visual summary of the results. During the analysis the ‘library files 

(files to modularly describe possible variation) developed organically with every 

observed new variant. 

The advantage of FDSTools over other approaches is its flexibility, not just 

regarding what is known or as yet undescribed variation, but also regarding the 

flexibility of boundaries between flanking region and arrays. Flanking regions are 

often considered to be invariant, showing only fixed repeats; however, when looking 

at global variation, motifs may show variability which is not observed in population-

level sample sets. FDSTools can identify elements with variable numbers of repeats 
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in the flanking region and describe these as such, rather than missing them, or 

marking them as indels.  

2.3.4.2 STRait Razor 

For the global variation dataset, quality-controlled FASTQ files were analysed for 

autosomal and Y-STRs using STRait Razor 2.0 (Warshauer et al. 2015b; 

Warshauer et al. 2013) using a modified configuration file with extended allele 

ranges to include extreme alleles present in the sample set. For the PoBI dataset, 

STRait Razor 3.0 (Woerner et al. 2017) was used to analyse autosomal and Y-STR 

sequence data. STRait Razor output files were used as input for the supplementary 

Microsoft Excel workbooks provided (https://www.unthsc.edu/graduate-school-of-

biomedical-sciences/molecular-and-medical-genetics/laboratory-faculty-and-

staff/strait-razor/) and the generated files were further used in comparison and 

representation of the results in Microsoft Excel. 

 2.3.4.3 Command-line sequence data interrogation and standard 

variant calling  

Standard command-line tools and scripts (for example to search, parse, filter and 

summarise data in the quality-controlled FASTQ files) were also used to verify 

sequence variants of STR arrays and flanking regions. This was required 

particularly when any two software/analysis options gave discordant results, and 

therefore the raw data were investigated and used to verify the source of 

discrepancy in the software. 

To verify variants in the flanking regions, sequences related to STR markers were 

also subject to the standard variant calling pipeline as described above in 2.3.3.1. 

The alignment in this case was to a custom reference file containing the genomic 

reference sequences (version GRCh38) of all targeted loci with 500-bp padding on 

each side of the amplified segment. The variants identified were used to confirm 

other software-based designations of flanking region variants and the Integrative 

Genomics Viewer (IGV) tool (Robinson et al. 2011) was used for visualisation. 

https://www.unthsc.edu/graduate-school-of-biomedical-sciences/molecular-and-medical-genetics/laboratory-faculty-and-staff/strait-razor/
https://www.unthsc.edu/graduate-school-of-biomedical-sciences/molecular-and-medical-genetics/laboratory-faculty-and-staff/strait-razor/
https://www.unthsc.edu/graduate-school-of-biomedical-sciences/molecular-and-medical-genetics/laboratory-faculty-and-staff/strait-razor/
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Linux-based data analysis and application command-line software were used for 

this research on the SPECTRE High Performance Computing Facility of the 

University of Leicester. 

2.3.4.4 Relative read-depth ratio test for duplicated Y-STR alleles 

To distinguish between Y-STR alleles resulting from somatic mutation and 

constitutive allele duplications, stutter-adjusted sequence read-depths for different 

PCR products were considered. This test (Figure 2.6) is analogous to the semi-

quantitative analysis of peak heights in CE and similar in concept to the paralogue 

ratio test (PRT) used for copy number evaluation (Armour et al. 2007). The test 

assumes that similar size-range STRs in a multiplex reaction amplify and are 

detected proportionally to their dosage. When finding an additional allele (putative 

duplication) at a given STR in a sample, coverage values of the test locus and a 

selected reference locus (another similar size-range marker amplified in the same 

reaction) were compared in all the other analysed samples; this gave a range of 

expected relative read-depth ratios for that pair of loci. The same comparison was 

then applied to each of the alleles of the test locus against the same reference locus 

in the test sample. The test indicated whether the two alleles were indeed 

duplicated (together displaying approximately double the expected read-depth 

ratio), or if the second allele is a likely result of somatic mutation (the summed ratios 

of both alleles lying in the expected range of a single-dose allele). 
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Figure 2.6 
Relative read-depth ratio test. 

A schematic explanation of the relative read-depth ratio test to assess whether the 
supernumerary alleles are more likely to represent true duplications or somatic mutations. 
The test uses a reference locus comparable in size and co-amplified in the same reaction, 
and uses all non-affected samples to calculate the ratio expected. In test samples the ratio 
is defined for both tested alleles and the dosage determines the class of these alleles.  

 

To avoid confusion with stutter products, somatic mutants were only called when 

they did not lie in the ‘n−1’ stutter position compared to the ‘n-repeat’ main allele. 

In theory, this principle is applicable to autosomal STRs as well; however, it is 

difficult to gauge relative read-depth either for a normal range or for a tested sample 

when more than one main allele is present with its accompanying stutter derivatives 

within a close range of alleles.  
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2.3.4.5 Y-STR haplogroup assignments and phylogenetic 

relationships of the samples 

Based on Y-STR haplotypes, haplogroups were predicted using NevGen Y-DNA 

Haplogroup Predictor (Gentula and Nevski, Serbian DNA Project, 2015, available 

at: https://www.nevgen.org/). 

Median-joining networks were built from both Y-STR length and sequence variants 

using the Network 5.0.1.1 software and annotated using Network Publisher 2.1.2.5 

software (both from Fluxus Technology Ltd., available at: http://www.fluxus-

engineering.com/). 

2.3.5 Population genetic data analysis 

Population summary statistics were generated using the Arlequin v 3.5.2.2 software 

(Excoffier and Lischer 2010), including molecular diversity indices, F-statistics for 

population comparisons and differentiation.  

To visualise genetic distances of the samples, pairwise FST or RST values were used 

to construct multidimensional scaling (MDS) plots using the R software ‘MASS’ 

package and principal component analysis (PCA) plots using the R ‘stats’ package 

and ‘factoextra’ package to visualise the outputs (R Core Team 2014). 

The browser-based application STRAF 1.0.5 was used to analyse STR data for 

standard forensic and population genetic parameters (Gouy and Zieger 2017).  
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2.3.6 Datasets used for concordance and validation of the 

results  

2.3.6.1 Datasets for comparison with the global variation dataset 

2.3.6.1.1 Datasets for Y-STR comparison 

Sequence-derived repeat array lengths were compared to previously determined 

CE-based PowerPlex® Y23 data (Hallast et al. 2015). In addition there are 29 

samples in the global dataset that are also part of the 1000 Genomes Project 

(1KGP). 

2.3.6.1.2 Datasets for autosomal-STR comparison 

The 29 samples from the 1000 Genomes Project were also used to check 

concordance with the global dataset.  

2.3.6.1.3 Comparison of mtDNA variants 

Validation of the results was performed by comparing SNP calls against a total of 

65/101 independently sequenced samples: 58 from previously published data 

(Batini et al. 2017), of which 23 were also sequenced by the 1000 Genomes Project 

(1000 Genomes Project Consortium 2015), thereby providing a three-way 

comparison; and six additional 1000 Genomes Project samples;  

For the operator control sample the whole mtDNA was sequenced commercially 

(GenBank accession: MG551929) and was used for direct comparison. 

. 
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2.3.6.2 Datasets for comparison with the PoBI sample set 

2.3.6.2.1 Comparison for mtDNA  

Defined mtDNA CR variants were compared to the same samples analysed by 

array-based SNP-typing of the whole mtDNA, carried out as part of the PoBI project. 

Unpublished data were supplied by Sir Walter Bodmer. Predicted haplogroups 

based on the two different approaches were compared. 

2.3.6.2.2 Datasets for STR comparisons 

There are eight samples in the PoBI dataset analysed here that are also part of the 

1000 Genomes Project, in the GBR population.  

2.4 Data visualisation 

Sample sets and their distinct features were encoded in Microreact (Argimon et al. 

2016) to allow an interactive online surface for interrogation of sample details and 

features in a geographically coded context. 

The Integrative Genomics Viewer (IGV) tool (Robinson et al. 2011) was used to 

visualise called variants, as part of the verification of variants for both mtDNA 

amplicons and STR flanking regions. 

A maximum-likelihood phylogenetic tree of the mtDNA control region constructed 

using MEGA v6.06 (Tamura et al. 2013) was visualised using FigTree v1.4.3 

(available at: http://tree.bio.ed.ac.uk/software/figtree/).  

Median-joining networks were used to visualise phylogenetic relationships of 

samples using the Network 5.0.1.1 software and furthered organised, coloured, and 

annotated using the Network Publisher 2.1.2.5 software (both from Fluxus 

Technology Ltd., available at: http://www.fluxus-engineering.com/). 

To visualise the samples based on their genetic distances pairwise FST or RST (for 

microsatellites) values were used to construct multidimensional scaling (MDS) plots 



69 
 

using the R software ‘MASS’ package. Principal component analysis (PCA) plots 

were used to visually capture the main components of the variation between 

populations or regions based on the genotypes of their loci, using the R ‘stats’ 

package and the outputs were visualised by the ‘factoextra’ package. 

Graphs and diagrams were created or outputs of other software described here 

were manipulated using Microsoft Office and the R software (R Core Team 2014). 

Vector graphics were edited in Adobe Illustrator (v21.1.0, 2017). 
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CHAPTER 3: Global Y-STR sequence variation in a 

phylogenetic context 

 

Work described in this chapter has been published as: 

Huszar, T.I., Jobling, M.A. and Wetton, J.H. 2018. A phylogenetic framework 

facilitates Y-STR variant discovery and classification via massively parallel 

sequencing. Forensic Sci Int Genet, 35:97-106. 

doi: 10.1016/j.fsigen.2018.03.012 

The paper itself is included in the electronic appendices (Appendix A). 

3.1 Introduction 

Classically, STRs are divided into simple, compound, complex or even complex 

hypervariable types, reflecting the increasing complexity of the length, sequence 

and intermittent elements of building blocks (Butler 2010). However, conventional 

analysis of STR variation via CE considers only overall length variation at such 

markers. Now that MPS is being implemented in forensic typing, STRs are also 

becoming characterised by the richer range of variation displayed at the DNA 

sequence level, and this allows a more nuanced understanding of their diversity 

and the underlying mutation processes that generate this diversity.  

One indication that increased allelic diversity is likely to be observed via MPS-based 

analysis of an STR is the complexity of the array (Gettings et al. 2016), since repeat 

pattern variation (RPV) can arise from different numbers of repeat blocks with the 

same allele length (isometric alleles). SNPs and indels within repeat arrays can also 

contribute to diversity. While single nucleotide changes typically have very low 

mutation rates (~10-8 per base per generation; Nachman and Crowell 2000) and 

therefore are unlikely to be observed as independent recurrences, the RPV in STRs 

mainly results from a more rapid (~10-3 per repeat array per generation; Weber and 

Wong 1993) mutation process driven by replication slippage, so that the same 

https://dx.doi.org/10.1016%2Fj.fsigen.2018.03.012
https://dx.doi.org/10.1016%2Fj.fsigen.2018.03.012
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variants can arise multiple times independently. SNPs and indels are not restricted 

to the repeat array, but are also found in the flanking regions, providing further basis 

for discrimination.  

While autosomal STRs assort independently and are therefore uncorrelated, STRs 

on the male-specific region of the Y chromosome (MSY) are permanently linked 

together into a haplotype. This reduces the overall diversity that a Y-STR profile 

provides (Jobling et al. 1997), but also means that Y-STR sequence diversity can 

be considered within the framework of a robust phylogeny of haplogroups defined 

by single-nucleotide polymorphisms. Indeed, this relationship forms the basis of 

various methods that have been developed to predict MSY haplogroups from Y-

STR haplotypes (Athey 2005, 2006; Schlecht et al. 2008; Seman et al. 2012). 

Because of the high degree of population structure among Y chromosomes (Jobling 

and Tyler-Smith 2003), studies of individual populations tend to capture a limited 

range of haplogroup diversity. Choosing samples for MPS-based Y-STR analysis 

to maximise haplogroup diversity, rather than on a population basis, should permit 

a broad survey of Y-STR sequence diversity to be undertaken efficiently. In 

addition, the phylogenetic framework should allow the degree of mutational 

recurrence of observed variants to be understood, with slow-mutating SNPs and 

indels tending to occur only once in the tree (monophyletic), and more rapidly-

mutating RPVs showing recurrence (polyphyletic).  

Here a set of 100 diverse samples was selected in which MSY resequencing 

previously defined a highly resolved SNP-based phylogeny (Hallast et al. 2015), 

and MPS was used to sequence 23 Y-STRs in each. The observed variants are 

described, some improvements to MPS allele designations are suggested, and the 

different classes of variants are placed in their phylogenetic contexts. 
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3.2 Materials and methods 

3.2.1 DNA samples 

One hundred male DNA samples were selected from a previously described set of 

448 (Hallast et al. 2015). Sample details were given in Table 2.1 in Chapter 2, 

Section 2.1.1. 

3.2.2 DNA quantitation and PCR amplification 

Quantities of double-stranded DNA were verified prior to PCR using the Qubit® 2.0 

fluorometer (Thermo Fisher Scientific) with the Qubit® dsDNA HS kit. Twenty-three 

Y-STRs (DYS19, DYS385a,b, DYS389I/II, DYS390, DYS391, DYS392, DYS393, 

DYS437, DYS438, DYS439, DYS448, DYS456, DYS458, DYS481, DYS533, 

DYS549, DYS570, DYS576, DYS635, DYS643 and Y-GATA-H4) were amplified 

from 0.5 ng template DNA using the prototype PowerSeq™ Auto/Mito/Y System 

(Promega) following the manufacturer’s recommended protocol (Promega 2015). 

3.2.3 Library preparation and sequencing 

Amplified products were purified using the MinElute® PCR purification kit (Qiagen), 

then quantified using the Qubit® dsDNA BR kit on the Qubit® 2.0 fluorometer. 

Library preparation was performed on ~500 ng product per sample using the 

TruSeqTM DNA PCR-free LT (24-plex) and HT (96-plex) sample preparation 

reagents (Illumina®). The manufacturer’s protocol was used, with an adjustment for 

the PowerSeqTM System (Promega), namely the use of the MinElute® PCR 

purification kit for size selection of amplicons. 

Prepared libraries were quantified using the KAPA Library Quantification Kit for 

Illumina® platforms (KAPA Biosystems, now acquired by Roche) with the 

LightCycler®480 (Roche) real-time PCR system following the manufacturer’s 

recommendations. All indexed libraries were normalised to 4 nM, pooled at equal 
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volumes and re-quantified using the same method to confirm pooled library 

concentration. 

Pooled libraries were prepared for sequencing following the manufacturer’s 

protocol, diluting to 12 pM for loading and using a higher (15%) PhiX internal control 

library ‘spike’, as recommended for sequencing low-complexity libraries. 

Sequencing was performed on a MiSeq FGx® (Illumina®) sequencer in ‘research 

use only’ (RUO) mode, via the “Generate FASTQ” workflow with “FASTQ Only” 

application and single-end (SE) method using MiSeq® v2 (300 cycles) reagent kits. 

3.2.4 Data processing and analyses 

Raw compressed FASTQ files were transferred from the MiSeq® for external 

analysis. Quality checking was done by trimming any remaining known adapter 

sequences and low-quality read ends with Trimmomatic v0.32 (Bolger et al. 2014) 

and SOAPec v2.01 (Li et al. 2008) software. The resulting improvement in quality 

was confirmed using the FastQC v0.11.5 (Andrews 2010) programme. 

The open-source software FDSTools v1.1.1 (Hoogenboom et al. 2017) was used 

to analyse reads spanning the STR repeat regions and their flanking regions. Allele 

calls were confirmed using STRait Razor 2.0 (Warshauer et al. 2015b) using a 

modified configuration file to include all alleles present in the sample set and 

command line tools and standard variant calls to resolve occasionally different 

designations. 

Discovered variants were compared to the human genome reference sequence 

(GRCh38) and queried in dbSNP (Database of Single Nucleotide Polymorphisms, 

build 151, Available from: http://www.ncbi.nlm.nih.gov/SNP/). Repeat pattern 

variants were compared to the existing literature and the database STRBase 

(Ruitberg et al. 2001); strbase.nist.gov, accessed 02-Nov-2017). 

For duplicated alleles a relative read-depth ratio test was used to distinguish 

between alleles resulting from somatic mutation and constitutive allele duplications.  
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3.3 Results 

3.3.1 Phylogenetic diversity of the samples 

In order to capture a wide range of Y-STR variants a phylogenetic approach was 

taken, choosing a subset of one hundred DNA samples from a previously analysed 

set (Hallast et al. 2015). The published analysis had used massively-parallel 

sequencing of ~3.7 Mb of DNA in each of 448 diverse Y chromosomes, and 

constructed a maximum-parsimony tree based on a total of 13,261 SNPs. The 

subset here was selected to ensure that major clades and deep-rooting nodes of 

the tree were represented. The phylogenetic relationships of the analysed samples 

with true branch lengths is shown in Figure 3.1.  

In Table 3.1 the short forms of the MSY haplogroups of the samples are given to 

supplement the earlier Table 2.1. The haplogroup designations were defined by 

publications (Hallast et al. 2015; Poznik et al. 2016; van Oven et al. 2014) as 

described in detail together with the complete table in Appendix C.  

Samples were selected to establish a framework for maximum diversity, rather than 

to represent populations, and therefore classical population statistics are not 

applicable to these results. 
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Table 3.1 
Haplogroup information for the selected 100 samples. 
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3.3.2 Coverage ranges observed 

Promega’s prototype PowerSeq™ Auto/Mito/Y System kit was used to generate 

MPS data for 23 Y-STRs in the 100 samples. With the analytical threshold set to 

20 × coverage, a minimum-to-maximum per-allele sequence coverage of 251 - 

11,600 × was observed for 24-plex library preparation, and 72 - 11,906 × for 96-

plex library preparation. Per-sample, per-STR and per-run statistics are described 

in Table 3.2.  
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3.3.3 Identified Y-STR alleles 

A total of 2311 Y-STR alleles were analysed in the 100 samples; as well as the 

expected 23 alleles per sample, this included eleven additional alleles, which were 

interpreted as five allele duplications and six somatic mutant alleles. For 

calculations at the DYS385a,b loci for each homoallelic combination the presence 

of two alleles was assumed. 

To represent the observed sequence-level variation in a visually comprehensible 

way, Microsoft Excel was used to build a compressed and uniform summary of the 

allele range and internal structure of each of the Y-STRs. An example of this is 

shown in Table 3.3 and the complete table listing all loci and their ranges and 

sequence variations are provided in Appendix C.  

Table 3.3  

Example of visual summary of the structures of alleles. 

For an example locus, DYS458, alleles are listed according to increasing overall length (as 

in CE) and sequence features are detailed by a bracketed format of allele names, including 

internal and flanking region SNPs and indels. Allele counts are given for each allele as 

observed in the set of 100 samples. MPS alleles are heat-scaled for variable number of 

repeat units and SNPs are highlighted in green and indels in orange. 

 

The allele ranges with detailed sequence variants for all 23 loci were collated 

according to their CE-equivalent alleles and are shown in Table 3.4. 
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Table 3.4 

Allele ranges and counts of variants observed for all 23 Y-STRs. 

Allele structures and their counts are listed for each locus according to increasing length 

alleles.  
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Eleven supernumerary alleles in ten samples were deduced from read-depth 

values, as shown for two examples in Figure 3.2, and all are detailed in Table 3.5 

using relative read-depth ratios. Five of these showed approximately double-dose 

coverage, suggesting duplication, whereas six had about a single-dose coverage 

split between the two alleles, and are therefore more likely to represent somatic 

mutations. 
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Figure 3.2 

Examples of allele duplications and somatic mutations. 

Read-depth of the two DYS19 alleles (a) in sample bhu-1000 (in red), compared to same-
size alleles in other samples (blue) and their corresponding stutters. Read-depth of the two 
DYS458 alleles (b) in sample YRI-NA18853 (red), compared to same-size alleles in other 
samples (blue) and their corresponding stutters. The sample has an allele in +1 position 
with read-depth much greater than the +1 stutter in other samples (blue) and their 
corresponding stutters.   
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Table 3.5  

Supernumerary alleles. 

Eleven cases of Y-STRs showing supernumerary alleles (a) listed with their sequences, 
relative read depths (%) and position compared to the major alleles. Mean stutter 
percentages were calculated from the rest of the samples with the same MPS alleles and 
used for comparison (as shown in Figure 3.2) and read-depth values were adjusted for 
relevant stutter. Comparison between the tested loci and their comparable-size reference 
pair (b) shows whether the tested supernumerary alleles are more likely to be a result of 
duplications or somatic mutations by gauging an expected ratio range between the two 
markers.  
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In these cases, with the exception of sample bhu-1564, only one Y-STR was 

affected, and even in this sample the loci are physically one (DYS389 I and II). This, 

and the fact that a non Y-chromosomal comparison (between the Amelogenin X 

and Y sequences) also showed about equal dosage between the sex chromosomes 

in these males, suggests that these are probably localised duplications. 

To consider sample type in relation to the duplications and somatic mutations, the 

biological origins of samples were compared in the ten cases presenting these 

eleven cases of supernumerary Y-STR alleles. Five lymphoblastoid cell lines 

(LCLs), four whole-blood and one saliva sample were among these, but these types 

do not correlate in an obvious way with the classes. The saliva was deemed to be 

a duplication, as were two of the five LCL samples, and two of the four whole-blood 

samples. LCLs (particularly long-established ones) are known to present genomic 

instability in STRs (Lee et al. 2013), resulting in somatic mutations and showing 

multi-allelic patterns, but LCLs were not found to be overrepresented in the samples 

with supernumerary alleles. Contrary to expectations, no direct correlation was 
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found between LCLs and observed somatic mutations, possibly due to the relatively 

low sample size. 

3.3.4 Concordance of MPS data with CE-defined alleles 

Sequence-derived repeat array lengths were compared to previously-determined 

CE-based PowerPlex® Y23 data (Hallast et al. 2015). Four of 2311 alleles (0.17%) 

were found to be discordant between the two methods as shown in Table 3.6, and 

as highlighted in Figure 3.3. Of these, one could be resolved by examining full-

length sequence (an insertion of 13 bp in the flanking DNA), one by a SNP-based 

mobility shift that has been previously noted elsewhere (Lee et al. 2016), and the 

remaining two by possible differences in the positions of proprietary PCR primers 

for MPS and CE kits. 

Table 3.6 

Details of discordant alleles. 

Discordances observed between length-based (CE) and sequence-derived (MPS) calls 

and the details of the nature of discordance. 
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Figure 3.3 

Length- 

based Y-

STR allele 

phylogeny. 

 

Length based 

CE-equivalent 

alleles derived 

from the MPS 

data in the 100 

samples 

displayed in 

their 

phylogenetic 

context. The 

alleles are 

heat-scaled by 

their length. 

The four 

discordant 

alleles are 

bolded and 

boxed with 

thick black 

lines. 
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3.3.5 Diversity of observed alleles 

The samples contain a total of 267 distinct sequence-based Y-STR alleles, an 

overall 58% increase from the 169 length-based alleles distinguishable by CE as 

detailed in Table 3.7 and in Figure 3.4. 

Table 3.7 

Increase of allele diversity due to sequencing. 

Comparison of number of alleles for each Y-STR based on length only (as using CE) and 

by full sequence information (by MPS). 
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Figure 3.4 

Allele diversity increase by type of variants. 

Increase in number of different alleles for each Y-STR using sequence information from 

MPS analysis. 

 

All but four Y-STRs showed increased allelic diversity when analysed by MPS. 

Isometric allele groups are the alleles observed with the same fragment length, but 

showing different sequences; the observed isometric allele groups are summarised 

in Table 3.8. Most of these (68.3%) are represented by just two sequence-based 

alleles having the same length; however, only a few groups consisted of from 5 to 

9 sequence-based alleles per single length class - the latter was observed at 

DYS389II for length allele 30. The number of loci showing such high numbers of 

sequence variants per length was limited, and the majority of them had isometric 

allele groups with three or fewer sequence-based alleles per CE allele. 
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Table 3.8 

Summary of isometric allele groups. 

Summary of isometric allele groups among 23 Y-STRs analysed by MPS. 

 

 

Although an online resource to collect STR sequence variation under an 

international collaboration is hosted by NCBI as STRSeq BioProject (Gettings et al. 

2017), data for the Y-Chromosomal STR loci sub-project (Accession: 

PRJNA380347) are limited for query (https://www.ncbi.nlm.nih.gov/ 

bioproject/380347, at the time of writing). Therefore the sequence variants were 

also compared to a comprehensive list of previously published literature (Churchill 

et al. 2016; D'Amato et al. 2010; Forster et al. 1998; Just et al. 2017; Kwon et al. 

2016; Lee et al. 2016; Novroski et al. 2016; Redd et al. 2002; Ruitberg et al. 2001; 

Warshauer et al. 2015b; Wendt et al. 2016; Wendt et al. 2017; Zhao et al. 2015), 

(detailed in Appendix C). Fifty-eight of the 60 novel Y-STR variants in phase with 

their flanking sequences detailed in Table 3.9 were not reported elsewhere, and 

about a year after publication, only two of the 60 novel alleles were given accession 

numbers (as noted in Table 3.9) in the STRSeq Y-STR-specific BioProject. 

  

https://www.ncbi.nlm.nih.gov/bioproject/380347l
https://www.ncbi.nlm.nih.gov/bioproject/380347l
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Table 3.9 

List of novel Y-STR sequence variants defined by MPS. 

STRSeq bioproject accession numbers are noted in green font for two alleles, one for 

DYS389II and another for DYS643, as they recently became catalogued by STRSeq.  

 

Cont. 
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Newly arising Y-STR variants may result from single nucleotide changes, insertions 

or deletions affecting the repeats themselves, or the flanking regions. This study 

found 22 different SNPs or indels in the repeat regions in 27 distinct alleles of 15 Y-

STRs, in 27 of the 100 samples. It is of paramount importance to analyse full-length 

sequences, rather than solely the repeat region, because the flanking regions 

contribute to the analysed length, and their omission can therefore lead to 

discordance with CE-based allele calls (as seen, for example, for DYS533 in Table 

3.6). Therefore twelve different flanking region SNPs or indels are also described 

here in 19 distinct alleles of 11 Y-STRs; such flanking region variants are observed 

in 26 of the 100 analysed samples. Altogether, 34 different SNPs or indels were 



95 
 

detected in 46 distinct alleles of 19 Y-STRs, observed in 43 of the 100 samples. 

These variations are shown in Figure 3.5 together with their schematic phylogenetic 

relationships, and their details are provided in Table 3.10. The ‘multiple SNPs’ 

internal to DYS635 (alternatively regarded as an RPV) are found in 85/100 samples 

because the GRCh38 reference assembly (Skaletsky et al. 2003) carries the same 

derived state as superhaplogroup P, and hence all deeper-rooting clades bearing 

the ancestral state are considered as ‘alternative’ rather than ‘reference’ variants. 

The variants rs370750300 and rs375658920 are DYS481-associated SNPs and 

thus included in the Figure; however, as suggested in Section 3.3.8.2, these can be 

alternatively regarded as RPVs.  
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Figure 3.5 

Observed SNPs and 

indels in their 

phylogenetic context. 

The phylogenetic tree to 

the left represents the 

relationships among 100 

diverse Y chromosomes, 

based on 13,261 high-

confidence Y-SNPs 

previously described 

(Hallast et al. 2015). Y-

chromosome haplogroups 

are given in their 

shorthand formats (Table 

3.1) to the right of the tree. 

Y-STR names are listed 

above. Variants are 

shaded in grey and 

represented by filled 

circles if internal to the 

repeat array, or unfilled 

diamonds if in the flanking 

region. Variants are 

described by rs# where 

available, or otherwise as 

‘SNP’ or ‘indel’ (Table 

3.10).   
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Table 3.10 

List of Y-STR markers with observed SNP or indel variants. 

Multiple variants alternatively considered RPVs are highlighted in grey. Grey font in the 

haplogroup association column marks singletons. 
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The other class of variants is defined by repeat pattern variation (RPV), in which 

arrays with more than one block of repeats present different combinations of units 

adding up to the same overall length, and therefore indistinguishable by CE 

(isometric alleles). This study finds 145 distinct alleles showing RPV affecting nine 

Y-STRs; such alleles are observed in all analysed samples.  

All observed variants with SNPs, indels and RPV variations in the sequences of Y-

STRs either internal to the arrays or in the flanking regions are summarised in Table 

3.11. 

Table 3.11 

Statistics relating to observed SNP or indel variants in Y-STR sequences. 

 

 

3.3.6 Isometric alleles 

While Y-STRs studied here, with the exception of DYS385a,b, are expected to 

present only one allele, in the sample set analysed several examples were 

observed showing more than one allele (which could be either duplications or 

somatic mutations; Tables 3.5 a and b), one of which was only detected by MPS. 

In a haplogroup C1a sample, two isometric alleles of DYS643 were detected 

(Tables 3.5 a and b), and distinguished by a flanking A to G SNP seven bases 

upstream of the 11 CTTTT repeats in one allele, but not in the other. The allele with 

the flanking SNP showed 63% read depth of the allele without the SNP: this was 
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clearly higher than either of the neighbouring mean stutters n-1 3% or n+1 0.1%, 

based on 22 other samples bearing allele 11 at DYS643. The size-comparable 

reference locus was DYS19, and the mean ratio of this pair of loci was 0.96, with 

minimum and maximum values of 0.44 and 1.92. According to the relative read-

depth ratio test, the test ratios for the two alleles were 0.65 and 0.41 each (if these 

were likely duplications, each would have a value comparable to the mean), and 

when considered together their test ratio was 1.06 (which is closer to the mean 

values in this case). Therefore, inferring from the dosage this pair of alleles is more 

likely to result from somatic mutation than from true duplication. In this case it is 

even possible to tell that the likely newly formed allele is the one with the flanking 

SNP, while the other major allele is the ancestral form. 

3.3.7 Compiled variants of the dataset 

To make the described variants easily searchable for comparisons, Appendix C lists 

all the variants for each allele and sample, together with sample and haplogroup 

information in a bracketed format and using additional heat-scale colouring for 

relative visualisation of the repeat structures. 

To allow comparison between different nomenclature systems it is best practice to 

provide the sequence string, as well as the applied allele designations (the 

‘bracketed format’). All variants for each allele are listed with the complete reported 

sequence strings in Appendix C. 

3.3.8 Novel variants with implications for nomenclature 

This study focused on capturing a wide range of sequence variants through MPS 

analysis of Y-STRs, rather than taking a population-based approach (Kwon et al. 

2016; Novroski et al. 2016; Zhao et al. 2015). The consequent observation of rare 

variants suggests a broader framework of sequence-level variation that is not 

always obvious in population studies. Considering rare variants within this 

framework allows improvements in the MPS-based reporting of alleles to be 
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suggested for three Y-STRs - DYS385a,b and DYS481 (both previously considered 

simple repeats), and DYS390. 

3.3.8.1 Nomenclature of DYS385a,b  

For DYS385a,b, nomenclature is complicated by the fact that the two copies of the 

STR lie on opposite strands, and the ISFG’s last published consideration (Parson 

et al. 2016) is to report sequences based only on the forward strand direction, 

leading to different repeat designations for the ‘a’ and ‘b’ copies. However, current 

commercial kits do not distinguish between the two forms, so in order to minimise 

confusion, here it was decided to follow a description based on the ‘b’ copy (forward 

strand), because the GRCh38 human genome reference sequence for DYS385b is 

GAAA[14] (and to include the flanking repeats: AAGG[6]GAAA[14]), which is 

consistent with the classical, pre-MPS era repeat designation of GAAA[n] for 

DYS385. However, while the majority of samples analysed here indeed carry alleles 

containing six AAGG flanking repeats, examples are also observed showing 

variation in this block (Table 3.12). This, together with variants observed by others 

(Novroski et al. 2016), suggests a structure better described as AAGG[5-

9]GAAA[n], where the flanking variants are not counted (for continuity) but are 

nonetheless specified to avoid ambiguity regarding this part of the flanking region.  
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3.3.8.2 Nomenclature of DYS481 

For DYS481, the GRCh38 reference assembly contains an array of 22 CTT repeats, 

preceded by the trinucleotide CTG as part of the flanking region. However, in the 

analysed sample set, sequence-based alleles were observed lacking this CTG, and 

also alleles containing two CTG copies (Table 3.12). Similar variants have been 

reported before (Just et al. 2017; Novroski et al. 2016; Warshauer et al. 2015a), but 

were described in terms of SNP variants. It seems logical (and biologically 

meaningful) to suggest applying the same principle as above, and to report 

sequence variants at DYS481 as CTG[0-2]CTT[n], where the flanking variants are 

not counted for continuity but specified to avoid ambiguity about this part of the 

flanking region specifically. 

3.3.8.3 Nomenclature of DYS390 

DYS390 is already considered to be a compound Y-STR (Forster et al. 1998) and 

in the GRCh38 reference assembly is represented as 

TAGA[4]CAGA[1]TAGA[11]CAGA[8] followed by a TAGATAGA flanking sequence 

that is considered non-variable. In the sequenced alleles of this locus, most of the 

samples carry alleles similar to the reference in the latter respect; however, the 

flanking sequence was also observed to present as a variable number of TAGA 

repeats, TAGA[1-3], and applying this principle the reference would be designated 

as having TAGA[2] (Table 3.12). DYS390 sequence variants would thus be 

described as TAGA[n]CAGA[o]TAGA[p]CAGA[q]TAGA[1-3], where the flanking 

variants are not counted for continuity, but are specified to avoid ambiguity about 

this part of the flanking region specifically. 

3.3.8.4 Consideration for nomenclature detailing flanking region 

variants 

When such flanking region variants are omitted from reporting, this assumes a 

structure matching that of the reference sequence; however, this assumption might 

not always be correct, depending on the reagent kit used to type these loci. 
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In summary, therefore, it is suggested that these flanking region sequences that are 

presented as variable number repeat units are specified by adding them to the 

bracketed alleles in MPS-based reporting to avoid ambiguity for loci DYS385a,b, 

DYS481 and DYS390, even when the flanking region matches the reference. These 

additional repeat units, however, should remain uncounted in length-based 

definition for continuity with the CE allele names and existing nomenclature.  

3.3.9 Phylogenetic association of variants 

In this sequenced dataset, Y-STRs can be classified into two groups. Certain simple 

(DYS391, DYS392, DYS393, DYS438, DYS439, DYS456, DYS458, DYS533, 

DYS549, DYS570, DYS576 and DYS643) and compound (DYS19 and Y-GATA-

H4) STRs contain only one variable-length array of repeats, which is the source of 

the overall length variation. In these STRs, sequence variants result from SNPs and 

indels either within the array or in the flanking regions (Table 3.10). By contrast, 

DYS385a,b, DYS389I, DYS389II, DYS390, DYS437, DYS448, DYS481 and 

DYS635 all contain combinations of more than one variable-length array of repeats, 

which combine to generate the overall length variation (Appendix C). Sequence 

variants can therefore result not only from SNPs and indels, but also from RPVs in 

which isometric alleles differ in the numbers of each repeat component. 

Different variant types have different underlying mutation processes and rates. 

While SNPs and short indels have low mutation rates (for SNPs, ~10-8 per base per 

generation (Helgason et al. 2015), and slower for indels (Besenbacher et al. 2016), 

the replication-slippage-based mechanisms that affect STR repeat arrays have 

much higher rates: these are length-dependent, but are typically five orders of 

magnitude greater than those of SNPs (Ballantyne et al. 2010; Gusmao et al. 2005). 

Therefore, variant alleles involving SNPs and indels are expected to show clearer 

phylogenetic coherence than those involving RPVs.
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3.3.9.1 Phylogenetic association of SNPs/indels 

Previous studies have described a number of Y-STR sequence variants that are 

associated with particular haplogroups, and some of these associations are also 

confirmed in this study (Figure 3.5, Table 3.10). One example is the shortening of 

a CAGA repeat block within DYS390 (Forster et al. 1998) (corresponding to block 

‘q’ in the notation given in 3.3.8.3 above, and also known as the ‘DYS390.1 

deletion’), previously reported to be associated with a sub-haplogroup of C (Kayser 

et al. 2001). A second example is an indel within the DYS458 repeat array, 

generating intermediate (.2) alleles, and associated with haplogroup J1 (Myres et 

al. 2007). 

The additional SNPs and indels observed here also include several novel 

haplogroup associations, and a low degree of recurrent mutation, as expected 

(Figure 3.5, Table 3.10). Examples include a DYS391 flanking SNP (rs112815242) 

seen in all nine haplogroup B2 samples in this study, and the presence of a DYS393 

internal SNP (A to C at the first base of the AGAT[n] repeat array) in all four 

haplogroup R1a samples (Figure 3.5, Table 3.10): this was also seen in a R1a 

individual analysed in a previous study (Warshauer et al. 2015a). 

3.3.9.2 Phylogenetic association of RPVs 

Despite the relatively high mutation rates of Y-STRs, allele lengths are well-known 

to be non-randomly associated with the phylogeny, and this was observed in this 

study (Figure 3.3). Similarly, some associations between RPVs and particular 

haplogroups are detectable here.  
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Figure 3.6 
Examples of observed RPVs in their phylogenetic contexts.  

A phylogenetic tree is shown to the left, as in Figure 3.5. Allele structures for DYS635 in all 
100 samples are shown in (a). Repeat unit sequences are shown above, and boxes below 
contain the number of repeat units in each block, coloured by heat-map from blue (shortest) 
to red (longest). Invariant blocks are not coloured. SNPs and indels are highlighted by 
green and orange boxes, respectively. Bars on the right mark features coloured black for 
monophyletic, or grey for polyphyletic examples. The reference sequence allele structure 
(‘ref.’) in GRCh38 chrY is represented below the analysed alleles. Allele structures for 
DYS389II shown in (b) and for DYS481 in (c). 

 

One clear example is seen in the exclusive association of an RPV in the compound 

STR DYS635 with the fifteen superhaplogroup P (encompassing Hgs Q, R) 

samples (Figure 3.6a): this variant, which features two additional repeat blocks 

compared to more ancestral haplogroups, is unlikely to arise independently multiple 

times. A haplogroup Q1a sample with a DYS635 21.3 allele carrying an internal 

indel on the background of this RPV (Figure 3.6a) allows the observation of these 

two types of variants relative to each other, and indicates that the RPV occurred 

prior to this indel. Previous sequencing of intermediate ‘.3’ alleles (Butler et al. 2006) 

has not revealed any other underlying structure for these variants apart from that 

described here, therefore Y chromosomes with such CE alleles are most likely to 

belong to the same phylogenetic lineage as the Q1a case. 

DYS389II provides a second example, where one short repeat block has a narrow 

range of variation (CAGA[4-6]), and hence a probable low mutation rate; in this 

sample set of 100 chromosomes, the presence of 6-repeat blocks appear 

monophyletic, being seen only in the fourteen haplogroup E samples, while 4-

repeat blocks are polyphyletic, observed in all fourteen haplogroup T, O and N 

samples, but also appearing sporadically elsewhere in the phylogeny (Figure 3.6b). 

A third example, DYS481, shows a monophyletic RPV (absence of the initial CTG 

repeat, which is considered part of the flanking region as detailed above in 3.3.8.2) 

in a sub-clade of haplogroup B2b (Figure 3.6c); by contrast, the presence of two 
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copies of this CTG repeat is polyphyletic, though its combination with CTT[20] is 

confined to haplogroup G2a in these samples. 
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3.4 Discussion 

In this chapter, DNA sequence variation was described in the 23 Y-STRs of the 

prototype PowerSeq™ Auto/Mito/Y System within a set of 100 diverse Y 

chromosomes whose phylogenetic relationships have been previously determined 

via megabase-scale resequencing (Hallast et al. 2015). Of the 2311 STR alleles 

observed in this dataset, 267 are distinguishable by MPS analysis, compared to just 

169 based on length-discrimination via CE (Table 3.7). Use of a phylogenetic 

framework enhances the observed STR sequence diversity compared to a typical 

population study (Appendix C), and indicates how variants arise via different 

mutation processes with different rates. It also provides a wider perspective to 

recognise additional variable sequences adjacent to classical arrays. The inclusion 

of these features in the reporting of sequence-based alleles should facilitate more 

harmonious nomenclature across different workflows and platforms. 

One limitation of this study is its small overall sample size. This means that, while 

some haplogroups are represented multiple times and therefore provide evidence 

for coherent associations with particular Y-STR sequence variants, others are 

singletons, and therefore the status of observed variants is unclear (Figure 3.5, 

Table 3.10). In principle, these could also be true singletons, or they could be 

shared among a set of unobserved phylogenetically related Y chromosomes. 

Studies of larger sets of well-characterised Y chromosomes should address this. 

As an example, a recent study (Phillips et al. 2018) of the Human Genome Diversity 

Project (HGDP) panel samples with the Verogen ForenSeqTM DNA Signature Prep 

Kit, which analyses autosomal, X- and Y-STRs via MPS has so far only reported 

STR repeat region data, but the 929 highly diverse Y-chromosomes of the panel 

have been fully sequenced (Bergström et al. 2019), and should produce further 

insights into phylogenetic associations. 

As in other recent MPS-based studies of forensically-relevant STRs (Gettings et al. 

2016; Novroski et al. 2016), a positive relationship was observed between STR 

complexity and the number of sequence variants captured. Most of the newly-
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described variants in this study originate from complex underlying structures 

(RPVs), while variants arising from SNPs and indels are independent of structure, 

and affect almost all the Y-STRs studied, regardless of complexity. These two main 

types of variants (RPVs, and SNPs/indels) were expected to present different 

patterns within the phylogeny due to their different likely mutation rates. This 

expectation was indeed realised (Figures 3.5 and Figure 3.6), with RPVs rarely 

corresponding to a single event, but several monophyletic occurrences being 

observed for SNPs or indels. 

STR sequencing demonstrates the importance of flanking region variation: omitting 

the reporting of indels from these areas may result in CE/MPS discordance and 

could jeopardise the back-compatibility of allele calls. While differences in primer 

design may result in discordances due to inclusion/exclusion of indels (Table 3.6), 

another less obvious issue came to light in the dataset, namely a fragment mobility 

shift arising from flanking SNP variation (Table 3.6). This phenomenon has been 

described for other STRs (Fujii et al. 2016; Wang et al. 2012), but only recently for 

DYS481, (Aliferi et al. 2018; Lee et al. 2016). Here, the same flanking SNP was 

observed as described previously (Lee et al. 2016), resulting in the same 

discordance between sequence length and CE results (Table 3.6). This SNP 

(rs368663163, also known as L266 and PF6108) is phylogenetically associated 

with haplogroup R2 in the ISOGG tree (Y-DNA Haplogroup Tree 2017, Version: 

12.320), and occurs in the single haplogroup R2 sample in this study. The mobility 

shift was noticed inconsistently in previous studies, due to different DYS481 primer 

designs: in some designs (and in the Yfiler® Plus and Yfiler® kits), a primer bridges 

the SNP, thus masking its CE mobility shift effect (Ballantyne et al. 2010; Cloete et 

al. 2010; D'Amato et al. 2010; Kayser et al. 2004; Leat et al. 2007; Shi et al. 2010; 

Vermeulen et al. 2009) while in others (and in the PowerPlex® Y23 and PowerSeq™ 

Y kits) the primers encompass the SNP, leading to a DYS481 ‘.1’ allele 9 (Aliferi et 

al. 2018; Lee et al. 2016; Oh et al. 2015). One study (Lee et al. 2014) found 20 

among 270 Pakistani males to carry DYS481 ‘.1’ alleles, and used SNP typing to 

assign them all to haplogroup R2-M479. This haplogroup association can be further 

supported by surveying a large global PPY23 dataset (Purps et al. 2014), in which 
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all 26 samples carrying DYS481 ‘.1’ alleles are predicted to belong to haplogroup 

R2 using the NevGen predictor, a tool whose accuracy has been recently assessed 

(Khubrani et al. 2018). These observations support the singleton finding, and 

suggest that rs368663163 is a strong indicator of haplogroup R2, and of the 

geographical regions of South and Central Asia (Balaresque et al. 2015; Sengupta 

et al. 2006) in which this lineage is prevalent. 

Currently the most notable general effect of applying MPS to forensic STRs is the 

resulting increase in allele diversity, largely originating from RPVs, and the 

resolution by sequence variants of a proportion of length-homozygous autosomal 

alleles as isometric heterozygotes. This study has shown that MPS-based analysis 

of STRs on the Y chromosome also increases observed allele diversity, and hence 

haplotype diversity, and that it has the potential to distinguish between isometric 

alleles of bilocal Y-STRs. Much effort has been devoted to elevating the 

discriminatory power of Y-STR typing by increasing the number of STRs analysed 

(Kayser et al. 2004), and by focusing on subsets that have particularly high mutation 

rates (rapidly mutating STRs; RM Y-STRs (Ballantyne et al. 2012; Ballantyne et al. 

2014). Applying MPS to additional STRs, including RM Y-STRs, is expected to 

improve discriminatory power as allele diversity increases. However, as these 

phylogenetically-based data show, within a patrilineage, additional variation from 

SNPs and indels is unlikely to be observed because of the associated low mutation 

rates of these events. Any additional variation at this scale will come from RPVs 

which, while mutating more rapidly than SNPs and indels, appear to have mutation 

rates that are lower than the rate of overall STR length variation. If this is so, 

individual male identification via MSY analysis may not be greatly advanced by 

applying MPS approaches.  

However, the association between SNPs and STRs is likely to be beneficial for the 

analysis of multi-male mixtures via MPS. If SNPs/indels prove to be 

phylogenetically restricted, as observed here, they will be associated with the 

characteristic Y-STR allele lengths, which have previously been exploited for 

haplogroup prediction (Athey 2005, 2006; Schlecht et al. 2008; Seman et al. 2012). 
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Knowledge of the apparent mixture ratio of the contributing haplogroups from 

SNP/indel variants may help with the deconvolution of mixtures when the two 

haplogroups have very distinct allele size ranges at particular loci. Further analysis 

of isometric alleles could provide insights into relative stutter ratios between pure 

and interrupted repeat array structures. 

3.4.1 Highlights and Conclusions 

Application of MPS resulted in an increase in allele diversity across 19 of the 23 

typed Y-STRs, which mostly resulted from intra-array structural variation and less 

frequently from variants in the flanking region.  

A phylogenetically-driven approach resulted in a wider range of allelic variants at 

the sequence level than is likely to be found in a population-based approach of 

comparable sample size, and identified 60 alleles (of which at the time of writing 58 

are still not catalogued) not described elsewhere. 

Variants resulting from SNPs, indels and RPVs showed different occurrence 

patterns within the phylogeny: SNPs and indels, with their lower mutation rates, 

were mostly monophyletic, while RPVs showed examples of polyphyletic 

distribution across the Y-phylogeny sampled here.  
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CHAPTER 4: Autosomal STR sequence variation 

4.1 Introduction 

While Y-STRs are used to define the male lineage, which is shared between direct 

male relatives, autosomal short-tandem repeats (aSTRs) are used to identify 

individuals through a profile containing a unique combination of alleles. Although 

the sample set of 100 males analysed in Chapter 3 was selected from the Y-

phylogeny to maximise variability across Y-chromosomes, a compilation of such 

ethnically diverse samples is also a good source to investigate the sequence 

variability of autosomal STRs. 

In this study the samples do not represent populations, and instead the focus is to 

describe the extent of variation in this global set and to identify any alleles not yet 

catalogued by the STRSeq database (Gettings et al. 2017). 

4.2 Materials and methods 

4.2.1 DNA samples and laboratory experiments 

One hundred male DNA samples were selected as described in Chapter 2, Table 

2.1. DNA quantitation, amplification library preparation and sequencing were 

described in Chapter 3, sections 3.2.2 and 3.2.3. 

4.2.2 Targeted autosomal STRs 

Twenty-two autosomal STRs (D1S1656, D2S1338, D2S441, D3S1358, D5S818, 

D7S820, D8S1179, D10S1248, D12S391, D13S317, D16S539, D18S51, 

D19S433, D21S11, D22S1045, CSF1P0, FGA, PentaD, PentaE, TH01, TPOX, 

vWA) and the Amelogenin XY-homologous sex-test loci were targeted using the 

prototype PowerSeq™ Auto/Mito/Y System (Promega) for MPS typing, and the 

results for these loci are described here. 
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4.2.3.Data processing and analyses 

Autosomal and Y-STR data were analysed together as described in Chapter 3, 

Section 3.2.4. 

The analysis primarily used the software FDSTools v1.1.1 (Hoogenboom et al. 

2017), and allele calls were confirmed using STRait Razor 2.0 (Warshauer et al. 

2015b), with command-line tools and standard variant calling used to clarify allele 

designations. 

Discovered variants were compared to the human genome reference sequence 

(GRCh38) and queried in dbSNP (build 151). 

Allele sequence-variants were compared to the NCBI-hosted STRSeq BioProject 

(Gettings et al. 2017), an online resource to collect STR sequence variation under 

an international collaboration; data for the autosomal STR loci can be found in a 

sub-project with the accession: PRJNA380345 (https://www.ncbi.nlm.nih.gov/ 

bioproject/380345). The sequence variants that were identified in the STRSeq 

database were marked by unique accession numbers, and alleles not yet described 

in this database were flagged as ‘novel to STRSeq’. 

  

https://www.ncbi.nlm.nih.gov/bioproject/380345
https://www.ncbi.nlm.nih.gov/bioproject/380345
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4.3 Results 

4.3.1 Coverage ranges observed 

Promega’s prototype PowerSeq™ Auto/Mito/Y kit was used to generate MPS data 

for 22 aSTRs and Amelogenin from 100 samples.  

With the analytical threshold set to 20 × coverage, a minimum-to-maximum per-

locus sequence coverage of 476 - 17,772 × was observed for 24-plex library 

preparation, and 384 - 6,358 × for 96-plex library preparation. Run-specific statistics 

were described in Chapter 3, Table 3.2. Summary of coverage statistics per library 

preparation complexity and per locus are provided in Table 4.1. 
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4.3.2 Identified Amelogenin and aSTR alleles 

A total of 4600 alleles were analysed in 100 samples: this included 22 aSTRs with 

two alleles per sample, plus two distinguishable (X and Y-linked) sequences each 

for Amelogenin. By length, 241 distinct alleles were distinguished across all loci, 

including Amelogenin, and this was increased to 443 sequence-based alleles by 

using MPS. 

The observed sequence-level variation is summarised in Table 4.2 by allele range 

for each locus, detailing the structure of each aSTR array and any flanking 

variations. 

All aSTR sequence variants are provided in a bracketed format, but also as 

sequence strings (Appendix D) with exact genomic coordinates of the reported 

regions, to provide compatibility of the observed variants when typed with different 

platforms or methods (Parson et al. 2016). 

Table 4.2. Amelogenin and autosomal STR sequence alleles. 
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4.3.3 Diversity of observed alleles 

By sequencing STR alleles the number of allele variants grows, and this increase 

in allele diversity is presented in Figure 4.1, showing the numbers of length-based 

alleles and the increase delivered by sequence-based alleles. 

To represent the proportion of repeat-array and flanking region variants, these are 

plotted separately in Figure 4.1. When both a variant internal repeat structure and 

a flanking variant(s) are present these are included in the array variants. 
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Figure 4.1 
Increase of allele diversity by type of variants. 

Increase in number of different alleles for each autosomal STR using sequence information 
from within the arrays and from the flanking regions. 

All but one of the STRs (D10S1248) showed increased allelic diversity when 

analysed by MPS. The majority of new alleles are the result of internal SNPs, indels 

and repeat pattern variants (RPVs) within the STR arrays, and only 22.8% of MPS 

alleles are results of solely flanking region variation. However, loci with simple array 

structures, especially D7S820 and TPOX in this set, gained new alleles by MPS 

only due to flanking region variants. 
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4.3.4. Isometric heterozygote alleles and observed 

heterozygosity 

An isometric heterozygote carries a pair of alleles that are indistinguishable by 

length, and which thus fall under the same CE allele category as isoalleles, but bear 

sequence variations, and therefore can be recognised as distinct alleles by 

sequence analysis. 

In this set a total of 100 pairs of alleles were found to be homozygous by length, 

but heterozygous by sequence. The distribution of observed isometric heterozygote 

pairs across the autosomal STRs is summarised in Table 4.3.  
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Table 4.3 
Autosomal STRs with isometric heterozygote allele pairs. 

List of 18 autosomal STRs with isometric heterozygote allele pairs observed.  

 

This means that 4.5% of the total of 2200 autosomal STR genotypes are isometric 

heterozygotes and 21.3% of length-based homozygous genotypes are resolved as 

heterozygous by sequence. 

These allele pairs were observed in 18 of the STR loci, with the exception of 

D10S1248, D18S51 and PentaE, which are simple STRs with relatively narrow 

allele ranges, and D19S433 which has a complex structure, but with limited 

variation within alleles in the same length class. 
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Most of the isometric pairs were observed at D5S818, D13S317 and D12S391, all 

of which have a relatively narrow length-based allele range combined with several 

sequence-based variants, which also results in the increase in observed 

heterozygosity for these loci when typed with MPS (Table 4.4) 

Table 4.4 

Autosomal STR loci in order of maximum increase in observed 

heterozygosity. 

List of the analysed autosomal STR loci in order of maximum increase in observed 

heterozygosity from length-based to sequence-based genotyping.  
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4.3.5 Heterozygote balance  

One of the reasons why STRs are preferred as markers in forensic DNA analysis 

is that although the two alleles differ in length in heterozygotes, the length difference 

has little effect on the amplification efficiency, and therefore heterozygous alleles 

amplify in a generally balanced way. In practice, heterozygotes show a slightly 

preferential amplification of the shorter allele due the size difference of the targeted 

templates; however, unless the allele span between the two alleles is especially 

large, the peak height (in CE) or reads (in MPS) of the alleles are usually roughly 

equal. Whether sequence structure itself affects heterozygote imbalance is unclear. 

  

To compare the effect of allele span on heterozygote balance, Figure 4.2 shows 

the balance and its variance across loci for isometric heterozygotes (which are not 

affected by length difference), and for comparison Figure 4.3 shows the effect of 

allele span between heterozygotes on the observed heterozygote balance. 

Considering the issue of sequence effects on balance, there appears to be no direct 

correlation between imbalance and the structure of the arrays or the largest number 

of longest uninterrupted repeats, as both complex and simple loci can show more 

imbalance as the span between the two alleles grows.  
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Figure 4.2 
Heterozygote balance in the 100 isometric heterozygote pairs across 18 loci. 
 
The boxplot shows mean heterozygote balance values for each locus. Numbers of 
observations are marked above the span axis for each plotbar. Centre lines indicate the 
medians; box limits are the 25th and 75th percentiles; whiskers extend 1.5 times the 
interquartile range from the 25th and 75th percentiles, outliers are represented by circles.  
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Figure 4.3 
Heterozygote balance relative to allele spans across 22 aSTRs. 
 
Isometric heterozygotes added with ‘0’ allele span, for reference. 
The boxplot shows mean heterozygote balance values for each allele span across all loci 
from 0 to 23.2 repeat unit spans. Numbers of observations are marked above the span axis 
for each plotbar. Centre lines indicate the medians; box limits are the 25th and 75th 
percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th 
percentiles, outliers are represented by circles. 
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Figure 4.4 
Example of a decline of heterozygote balance in an STR locus over larger 
allele spans. 
The boxplot shows mean heterozygote balance values for locus D2S1338 for each allele 
span from 1 to 8 repeat units. Numbers of observations are marked above the span axis 
for each plotbar. Centre lines indicate the medians; box limits are the 25th and 75th 
percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th 
percentiles, outliers are represented by circles. 

 

4.3.6 Variants that are novel to the STRSeq database 

Sequence-based allele variants compiled in Table 4.2 were compared to the NCBI-

hosted STRSeq BioProject (Gettings et al. 2017), and specifically its sub-project 

dedicated to cataloguing the most often used autosomal STR loci under the 

identifier: PRJNA380345 (https://www.ncbi.nlm.nih.gov/bioproject/380345). The 

sequence variants that were identified in the STRSeq database were marked by 

unique accession numbers in Table 4.2, and alleles not yet described in this 

database were flagged as ‘novel to STRSeq’. Fifty-five allele calls contained such 

alleles and the total of 48 unique alleles are listed separately in Table 4.5, which 

summarises these ‘novel to STRSeq’ variants, detailing their aspects of novelty.  

 

https://www.ncbi.nlm.nih.gov/bioproject/380345
https://www.ncbi.nlm.nih.gov/bioproject/380345
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Table 4.5 
48 sequence-based alleles identified as ‘novel to STRSeq’. 

Sequence structures are given with their aspects of novelty and origin. Aspects of novelty 
are marked with tick marks or crosses, representing the presence or absence of the 
feature, respectively. 
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4.4 Discussion 

Here, DNA sequence variation was described in the 22 autosomal STRs and the 

XY-homologous Amelogenin loci amplified in the prototype PowerSeq™ 

Auto/Mito/Y System within a diverse set of 100 genomes, originally selected for Y-

chromosomal diversity. As with the Y-STRs, a wide range of variable alleles were 

observed in the autosomal STRs. The amplified X and Y Amelogenin markers had 

no sequence variants different from their reference sequences in GRCh38. 

General read statistics were comparable to the corresponding Y-STR values (as 

described in Chapter 3, Section 3.3.2) from the same experiments. Due to diploidy, 

mean coverage values were consistently higher for autosomal markers, as 

expected. Observed coverage exceeded the set analytical threshold of 20 × and 

allowed the calling of diploid alleles with certainty. Allele calls showed no 

discrepancies between calling methods. 

As this dataset does not represent populations, the main focus was to set a wide 

framework of variants observed from global scale variation. Though the sample size 

of the study is limited, the geographical diversity is well represented (Figure 

2.1,Table 2.1); however, a comprehensive geographical analysis is not the merit of 

this study, and have better been addressed recently by Phillips et al. (2018) 

sequencing 944 human genome diversity panel (HGDP-CEPH) samples from 51 

globally distributed populations. A total of 4400 alleles of STRs were described, 

which accounts for 443 different sequence level alleles, an 83.8% increase from 

just 241 distinct alleles identified by length. 

The additional sequence-based allele variants of autosomal STRs mostly originated 

from variation within the repeat arrays, a tendency similar to that observed among 

the Y-STR alleles. However, some loci, for example D7S820, presented new alleles 

only due to flanking region variation, a finding that correlates with the simple internal 

repeat array structures of such STRs. Simple repeats, like D7S820, TPOX or 

CSF1PO lack the compound structure which is the usual source of large numbers 

of repeat pattern variants, represented by combinations of different number of 
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building blocks of the compound and complex repeats. Due to their structures, most 

variants of the RPV type are seen in the loci D12S391, D2S1338 and D21S11. 

These gained the most from MPS typing, the first two with an increase in the number 

of distinct alleles of over 150% and 130% respectively, thus becoming the most 

diverse loci in this set. 

One clear advantage of using MPS is the consequent increase in allele diversity 

and thus the added ability to resolve genotypes from length homozygotes as 

heterozygous by sequence. When isoalleles of the same length but different 

sequence present at a marker, these form an isometric heterozygote genotype. In 

this sample set 100 pairs of isometric heterozygote genotypes were observed at 18 

loci. Those loci showing more (up to 15 pairs) tend to have more complex structures 

that facilitate a high number of RPV formations within the same overall allele length, 

while at the same time having a relatively narrow allele range in which most of the 

length-based alleles present more than one sequence-based alternatives. When 

looking at heterozygote balance based on sequence information, isometric 

heterozygotes represent a class with zero span between alleles, and compared to 

these the imbalance is increased by the size of the allele span between alleles in 

length-heterozygotes, while array structure types do not appear to have a direct 

affect on the imbalance. 

When sequence-based allele variants were compiled, these were compared to the 

STRSeq BioProject (PRJNA380345) collating sequence variants for the most 

widely used autosomal STRs. Variants were identified by unique accession 

numbers; however, 48 alleles described here were not represented in STRSeq, and 

were therefore summarised as sequence-based alleles ‘novel to STRSeq’. Their 

aspects of novelty were described, and in the majority of cases were due to new 

combinations of repeat units, which occasionally were caused by internally 

occurring SNPs or indels, but mostly by RPVs. Alleles were found to include some 

at the extremes of an allele range, shorter or longer than the catalogued alleles. 

Several variants contained a new combination of flanking region SNPs or indels 
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and the main array, while some represented rare flanking region variants not 

previously encountered. 

 

Though comparison to length-based typing methods (CE) was not performed here, 

the presence of flanking region indels emphasises the importance of flanking region 

variation: reporting only the array structure while omitting the flanking areas could 

result in discordance between CE and MPS. Therefore here all aSTR sequence 

variants are not just provided in a bracketed format but also provided as sequence 

strings with exact genomic coordinates of the reported region, to provide 

compatibility of the observed variants when typed with different platforms or 

methods.  

4.4.1 Highlights and Conclusions 

Application of MPS resulted in an increase in allele diversity across 21 of the 22 

typed aSTRs, which mostly resulted from structural variation within repeat arrays; 

however, some loci only presented flanking region variants.  

Overall 4.5% of all genotypes were found to be isometric heterozygotes: 

homozygous by length, but heterozygous by sequence. Most of these pairs were 

observed at loci with relatively narrow length-based allele ranges combined with 

several sequence-based variants per length class.  

A Y-chromosomal diversity-driven sample selection also provided a wide range of 

sequence variants at the autosomal STR loci, and identified 48 alleles not yet 

described in the STRSeq sequence allele database. 
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CHAPTER 5: mtDNA analysis using an MPS workflow 

 

Work described in this chapter has been published as: 

Huszar, T.I., Wetton, J.H. and Jobling, M.A. 2019. Mitigating the effects of 

reference sequence bias in single-multiplex massively parallel sequencing of 

the mitochondrial DNA control region. Forensic Sci Int Genet, 40:9-17. 

doi: 10.1016/j.fsigen.2019.01.008 

The paper itself is included in the electronic appendices (Appendix B). 

5.1 Introduction 

When standard autosomal STR profiling fails because DNA in a biological sample 

is limited or highly degraded, forensically useful information can often be obtained 

via analysis of mitochondrial DNA (mtDNA) (Holland and Parsons 1999), thanks to 

its relatively high copy number in cells compared to the nuclear genome. 

Mitochondrial DNA is also the only viable source of genetic evidence from samples 

such as hair shafts (Higuchi et al. 1988), in which nuclear DNA is naturally depleted. 

Forensic practice has largely focused on analysing the 1122-bp control region, in 

which high levels of variation can be detected (Parson and Bandelt 2007; Parson 

et al. 2014), and which can be sequenced via Sanger technology from a single PCR 

amplicon when sample quality allows. 

In particularly poor-quality samples, a set of overlapping shorter PCR amplicons 

spanning the control region can be used to generate sequence data; this was the 

approach taken in early ancient DNA analyses (Krings et al. 1999; Krings et al. 

1997). However, the variability of the control region that makes it useful also makes 

PCR primer design challenging, because sequence variants within primer binding 

sites could inhibit the amplification due to mismatching (Eichmann and Parson 

2008; Parson and Bandelt 2007). Surveying known variation in large reference 

mtDNA datasets has allowed rational primer design that avoids the most mutable 

https://doi.org/10.1016/j.fsigen.2019.01.008
https://doi.org/10.1016/j.fsigen.2019.01.008
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sites (Eichmann and Parson 2008). However, the multiple-amplicon approach to 

control region analysis remains vulnerable to variants within particular mtDNA 

haplogroups that may be unaccounted for in the primer design, and therefore could 

inhibit amplification in an amplicon- and sample-specific way in casework. If 

amplification of the primary source’s mtDNA is reduced due to such mismatches, a 

non-mismatched minor source or nuclear mitochondrial DNA (numt) sequence 

might be amplified relatively efficiently, leading to complications of interpretation. 

 

 

Figure 5.1 
Schematic representation of a multiplex assay design over the mtDNA 
control region. 

Amplicons are represented by the black bars, overlapping regions are highlighted 
in grey, vertical numbers are the start and end mtDNA positions.  

 

Amplicons generated from within the control region (Figure 5.1; between 144 and 

237 bp in length; Eichmann and Parson 2008) have traditionally been analysed 

individually by Sanger sequencing (Berger and Parson 2009; Eichmann and Parson 

2008). However, the process can be made more efficient by multiplexing followed 

by massively parallel sequencing (Holland et al. 2011). Different commercial assay 

designs exist, either as two multiplexes, each containing alternate amplicons (e.g. 

Precision ID mtDNA Control Region Panel (Thermo Fisher); ForenSeq™ mtDNA 

Control Region (Verogen) - neither tested here), or as a single multiplex 
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PowerSeq™ CRM Nested System (Figure 5.1). The latter has the advantage of 

simplifying workflow and reducing sample usage. However, it also has the potential 

disadvantage that primer pairs will act in combinations other than those intended in 

the design and create many additional products that may be preferentially amplified 

because of their smaller size (also see Chapter 2, Figure 2.5a). In an MPS setting, 

such products consume sequencing capacity without contributing additional 

information about the mtDNA template and are expected to further increase the 

non-uniform coverage across the control region. 

A further potential problem of targeted amplification of the control region is the 

introduction of bias, particularly reference sequence bias, into the reads. Primers 

are generally designed to primarily match the reference sequence, therefore in a 

sample carrying an alternative variant at the primer binding site in a position that is 

not prohibitive to amplification, the sequence reads could present a mix of an 

alternative allele originating from the cognate mtDNA, and the other allele matching 

the reference at a variant position originating from the primer sequences. 

Degenerate primer design can account for frequent and thus expected variants, 

resulting in more faithful amplification of cognate mtDNA, with reduced reference-

bias from the primers. However, in the case of rare, unexpected variants 

unaccounted for by degenerate primers this reference bias may increase to the 

level where it interferes with accurate variant calling. In general, primer-derived 

sequences should be excluded from the reads, and if the primer sequences are 

known, these can be removed during data processing by trimming; however, in 

commercial kits this exact information is proprietary, and therefore unavailable. 

Alternatively, an attempt can be made to remove primer sequences by educated 

guesswork, but this may remove cognate mtDNA information as well, or retain some 

untrimmed primer sequences. Without any corrective process the primer 

sequences would remain untrimmed and thus likely to interfere with variant calling 

in the primer binding regions. The single-reaction design which gives rise to 

preferentially amplified short amplicons (here 52 bp to 91 bp) then further enhances 

the bias due to their large contribution to the coverage and to the fact that most of 

their content is primer-derived.  
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This bias is also expected to influence the accurate assessment of heteroplasmy - 

the presence of more than one control region sequence type due to mutation in vivo 

(Parson et al. 2014). If heteroplasmic variants lie within putative primer-binding 

sites, the level at which these are detected might be inaccurate (and probably 

mainly underestimated), because they are diluted by the presence of reads with 

primer-derived, and therefore reference-biased sequences. Under the reasonable 

assumption that commercial designs use degenerate primer sets to account for 

common variants that lie under the selected primer-binding sites, these alternative 

primers, even when incorporated with lower efficiency, could introduce false low-

level variants not intrinsic to the samples at the affected positions. The presence of 

these low-level introduced variants will not usually cause any interference in typing 

reference-quality samples, but if the position is affected by genuine heteroplasmy 

or is a case-work sample with low-template DNA the stochastic effect in 

amplification can magnify these introduced variants to the level of detection. 

Considering this problem, a method is therefore required either during the library 

preparation (e.g. partial digestion of primers off the generated amplicons (Strobl et 

al. 2018) used in the Precision ID mtDNA Control Region Panel; Thermo Fisher) or 

during data processing, that accounts for the presence of the primer-derived 

sequences and minimises the effect of these on the data prior to reporting of 

variants.  

In this chapter a highly diverse set of 101 DNA samples that cover most of the major 

clades of the mitochondrial DNA haplogroup tree was used to generate data using 

a prototype single-reaction mtDNA MPS multiplex. In addition, a subset of the same 

samples was retested with the commercially available PowerSeq™ CRM Nested 

System in order to assess its improved accuracy in detecting variants and 

heteroplasmy in the regions affected by primer-derived bias in the prototype 

version. 

A bioinformatic method was developed to decrease the effects of non-uniform 

coverage and reference-sequence bias in both systems, thereby improving the 

detection of variants, and the quantification of heteroplasmy. 
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5.2 Materials and Methods 

5.2.1 DNA samples 

One hundred male DNA samples were selected as described in Chapter 2, Table 

2.1. In addition, as a control for operator contamination, DNA was extracted from a 

buccal swab from the operator (TIH) using the DNA IQ™ System (Promega), giving 

a total of 101 analysed DNA samples. 

5.2.2 DNA quantitation 

Quantities of double-stranded DNA were verified prior to PCR using a Qubit® 2.0 

fluorometer (Thermo Fisher Scientific) with the Qubit® dsDNA HS kit. 

5.2.3 PCR amplification, library preparation and sequencing 

A segment of mitochondrial DNA was amplified from position 15,989 to 619 (which 

includes the control region from 16,024 to 576) in a single reaction, generating ten 

overlapping amplicons from 0.5 ng template DNA. 

All samples were amplified using the prototype multiplex PowerSeq™ Auto/Mito/Y 

System (Promega) and were prepared for sequencing in a separate library 

preparation step prior to sequencing on a MiSeq FGx® (Illumina®) sequencer using 

the parameters described in Chapter 2, Section 2.2.2. A subset of the samples was 

amplified using the PowerSeq™ CRM Nested System (Promega), and in the same 

single-step reaction generated libraries which were then sequenced using the 

parameters described in Chapter 2, Section 2.2.3. Both were performed following 

the manufacturer’s recommended protocols. Apart from the library preparation, the 

two protocols differed in that the prepared libraries from the PowerSeq™ CRM 

Nested System were quantified with the PowerSeq™ Quant MS System 

(Promega), while the prototype system used the KAPA Library Quantification Kit for 

Illumina® platforms (Kapa Biosystems, later acquired by the Roche Group). The 
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sequencing parameters also differed for the two set-ups: the prototype used v2 (300 

cycles) sequencing reagent kits, with the SE sequencing method, while the 

PowerSeq™ CRM Nested System used v3 (600 cycles) sequencing reagent kits 

with the PE sequencing method as detailed in Chapter 2, Section 2.2.4. 

These differences are due to the different library preparation approaches used in 

the two kit types, as explained in Chapter 2, Section 2.2.2.4. 

5.2.4 Data processing and analyses 

Quality-checked FASTQ files were generated as described in Chapter 2 Section 

2.3.2. Variants were called using a standard variant calling pipeline, adjusted to 

amplicon sequencing (omitting the duplicate removal step). The tools used in the 

pipeline are as described in Chapter 2 Section 2.3.3. The reads were aligned to the 

revised Cambridge Reference Sequence (Andrews et al. 1999; rCRS, GenBank 

accession: NC_012920.1). Variants were also visualised and confirmed using the 

Integrative Genomics Viewer (IGV) tool (Robinson et al. 2011). 

In-house Bash scripts were used to seek the presence of sequence reads amplified 

from numt sequences, to attempt the assessment of the level of heteroplasmy, and 

to interpret insertions and deletions and other variants found in ambiguous regions, 

such as homopolymeric tracts and the AC-repeat region. 

The ‘Overarching Read Enrichment Option’ (OREO), as explained in Chapter 2, 

Section 2.3.3.4 was applied to increase the confidence of lower-level heteroplasmy 

detection and quantitation within the putative primer-binding regions. 

Two tools designed for the analysis of mtDNA MPS data were also tested: 

mtDNAServer (Weissensteiner et al. 2016a); and the trial version of the commercial 

software GeneMarker®HTS v1.2.2.1338 (SoftGenetics®, LLC).  

Three methods were tested to account for unknown primer sequences: Cutadapt 

(Martin 2011) and seqtk (available from: https://github.com/lh3/seqtk) to trim reads, 

and BAMClipper (Au et al. 2017) to trim BAM files. For the analysis of the 

https://github.com/lh3/seqtk
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commercially available PowerSeq™ CRM Nested System data, Trimmomatic v0.32 

software (Bolger et al. 2014) was used for in silico size-selection as an additional 

step incorporated into data processing.  

Validation of the results was performed by comparing SNP calls against a total of 

65/101 independently sequenced samples, as follows: 58 from previously published 

data (Batini et al. 2017), of which 23 were also sequenced by the 1000 Genomes 

Project (1000 Genomes Project Consortium 2015), thereby providing a three-way 

comparison; six additional 1000 Genomes Project samples; and one operator (TIH) 

control sample sequenced commercially (GenBank accession: MG551929).  

Called variants were checked for correct nomenclature in a phylogenetic alignment 

context using the SAM2 tool of the EMPOP mtDNA database, v4/R11 (Huber et al. 

2018). Haplogroups were predicted and their relationships visualised using 

HaploGrep2 (Weissensteiner et al. 2016b). A maximum-likelihood phylogenetic tree 

of the control region (from position 15,989 to 619) was constructed using MEGA 

v6.06 (Tamura et al. 2013) then visualised using FigTree v1.4.3 (Rambaut 2006-

2012). 

Graphs and diagrams were created using Microsoft Office and R software (R Core 

Team 2014).  
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5.3 Results 

A set of DNA samples was analysed that were selected previously to establish a 

phylogenetic framework for maximum diversity of the male-specific region of the Y 

chromosome (Huszar et al. 2018). These samples derive from ethnically diverse 

individuals including Europeans, Asians and Africans (Table 2.1) also representing 

many major mtDNA haplogroups as demonstrated by Figure 5.2 and Appendix E. 

(Phylogenetic tree continues on the next page) 
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Figure 5.2. Maximum Likelihood phylogenetic tree of the mtDNA control 
region sequences obtained from 101 samples. 

The tree was inferred by using the Maximum Likelihood method based on the Jukes-Cantor 
model using MEGA6 (Tamura et al. 2013) and edited using FigTree v.1.4.3 (Rambaut 
2006-2012). Branch lengths measured in the number of substitutions per site. The tree was 
rooted to a Pan troglodytes mitochondrial sequence (NC_001643.1), equivalent to the 
region analysed (from position 15989 to 619), not shown here. Sample names are noted 
at the tips with haplogroups on the right as predicted by HaploGrep2 (Weissensteiner et al. 
2016b). Samples validated against reference datasets are in blue font and marked with an 
asterisk. 
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5.3.1 Coverage ranges observed 

Promega’s prototype PowerSeq™ Auto/Mito/Y System was used to generate MPS 

data from the mitochondrial control region of each of the 101 samples. The mtDNA-

specific components of this kit amplify ten overlapping PCR fragments in the size 

range of 144 - 237 bp that cover the control region (Figure 5.3).  

 

Figure 5.3. Non-uniform coverage of the multiplex assay design over the 
control region. 

The schematic representation shows the ten designed amplicons at the bottom and their 
overlapping (grey) and non-overlapping (white) segments. Positions and sizes are 
approximately to scale. The boxplot above shows mean coverage for all 101 samples 
analysed, for each segment, normalised to sample means. Centre lines indicate the 
medians; box limits are the 25th and 75th percentiles; whiskers extend 1.5 times the 
interquartile range from the 25th and 75th percentiles, outliers are represented by circles. 
Notably, the overlapping grey segments have relatively high coverage. 
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As expected given the design, coverage across the region is non-uniform: where 

the designed amplicons overlap (‘overlapping segments’) both amplicons contribute 

to elevated coverage; this imbalance may be increased further by short PCR 

products equivalent to the length of the overlap itself (as shown in Chapter 2, Figure 

2.5). To reflect this, coverage and read statistics are calculated per segment as 

shown in Figure 5.3, and are described in Table 5.1.  

Table 5.1  
Mean coverage statistics for each overlapping and non-overlapping 
segments of the amplicons. 

Values are shown for each multiplexing level (LT (a) and HT(b)) for the prototype kit and 
for both data processing levels (untrimmed (c) and trimmed (d)) of the CRM Nested kit. 
Minimum and maximum values are highlighted.  

 

Cont. 



149 
 

 

 

Cont. 
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To set the thresholds for accurate heteroplasmy interpretation, first the level of 

background error was defined using conservative substitution error calculations 

based on mtDNA reads for all samples for the prototype and the CRM kits as per 

(Rathbun et al. 2017). The conservative approach meant that any non-major 

variants (even true heteroplasmies) were included in the calculation for each 

position, thus overestimating the actual error rates, an approach that is suitable 

when aiming to set the analytical threshold sufficiently high. Furthermore, for the 

prototype, the same values were also calculated for Amelogenin reads as well, 

taking advantage of this co-amplified marker, which is not affected by stutter or 

heteroplasmy, and therefore ideal as an internal control to define the template-type-

independent technical rate of substitution errors. Table 5.2 summarises the details 

of these substitution error rates. 



151 
 

Table 5.2  
Substitution error rates calculated for each mtDNA kit type plus the 
Amelogenin marker for comparison. 

 

 

With the analytical threshold set to 20 × coverage, for 24-plex and 96-plex sample 

pooling during library preparations a mean of ~17,700 × and ~5500 × sequence 

coverage was observed over the control region, with lowest values for non-

overlapping segments of 1640 ×, and 57 × respectively. The coverage range 

observed in the prototype kit for mtDNA-derived reads was suitable for calling SNPs 

or indels, and allowed the evaluation of heteroplasmic sites down to a conservative 

level of 10% defined as explained in Table 5.3. At heteroplasmic sites the minor 

component was also required to meet the 20 × minimum read depth criterion. Figure 

5.4 demonstrated that the selected thresholds are set sufficiently above the 

background substitution error levels. 

The results of testing different heteroplasmy calling thresholds are summarised in 

Table 5.3, for each kit type (the prototype PowerSeq™ Auto/Mito/Y System, and 

the PowerSeq™ CRM Nested System). This shows the tested scale of coverage 

requirements for each heteroplasmy detection level considered, together with the 

consequent loss of bases, and the proportion of samples affected by this loss of 

ability to call heteroplasmy to the defined levels. 
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Table 5.3  
Testing thresholds for heteroplasmy calling. 

For each experiment, applied thresholds for heteroplasmy calling were selected by finding 
a compromise (highlighted in green) of the lowest heteroplasmy detection levels with the 
minimum loss of reportable positions due to lower coverage, while considering the 
achieved coverage values in the experiments.  
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Figure 5.4 Finding a compromise for heteroplasmy reporting thresholds.  

Summaries of the number of positions that fall in bins for % of second allele present (‘error’) 
for each kit type are shown on the left. The graphs on the right plot the distribution of mean 
error rates for each position amplified, in increasing % of second allele present. The green 
horizontal line representing the thresholds set using coverage values of the experiments.  
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5.3.2 Calling variants in the control region 

An attempt was made to call variants using standard approaches (Chapter 2, 

Section 2.3.3), applying a 5% detection threshold and a set calling threshold of 10% 

(these limits are comparable to the approximate Sanger sequencing threshold at 

which homoplasmic and heteroplasmic calls can be distinguished). The achieved 

coverage values of an experiment limit the ability to lower the calling threshold 

where coverage values are too low to call heteroplasmies confidently (as shown in 

Table 5.3), while the threshold also have to be kept above the error rate (Table 5.2 

and Figure 5.4). The quality differences between the two kits also required a higher 

threshold for the prototype; the number of positions above the limit are comparable. 

5.3.2.1 Considering primer sequences 

Given that a minimum of ten primer pairs are used to amplify a 1.2-kb segment, at 

least one third of the amplified region may harbour, and thus be affected by, primer-

derived sequences. In order to reduce potential bias introduced by primers (Au et 

al. 2017; Kechin et al. 2017) at the ends of reads during variant detection, different 

conventional approaches to trimming were tried (tools listed in Chapter 2, Section 

2.3.3.6). An attempt to remove 20-26-nucleotide sequences from the read ends, 

without creating coverage gaps, nonetheless still led to the detection of over 100 

cases of apparent heteroplasmy in the samples. This is unexpectedly high 

compared with available data (Irwin et al. 2009), and therefore suggests that these 

‘blind’ trimming efforts, without the knowledge of exact primer sequences, were still 

unsuccessful and that heteroplasmy levels were being inflated via the persistence 

of the unknown primer sequences in the data. Since primers are generally designed 

based on the reference sequence, this mainly constitutes ‘reference sequence 

bias’, but it is also possible that degenerate primers could contribute to the detection 

of low-level variants.  



155 
 

5.3.2.2 An alternative data processing tool to primer removal 

As the removal of primer-derived sequences by trimming was not satisfactory, an 

alternative data-processing approach was developed to bypass primers without 

knowing their exact sequences, by seeking reads that spanned primer sites 

(‘Overarching Read Enrichment Option’; OREO; Chapter 2, Figure 2.5). This 

position-specific approach was applied to variants by designing in silico ‘probes’, 

sequences 10–30 nucleotides in length (mean: 16 nt), covering the SNP of interest 

and extending outside the amplicon ends, which were identified by the sharp drops 

in the coverage track (Chapter 2, Figure 2.5). OREO requires reads to match 

probes exactly along their complete lengths, and therefore selects reads from the 

two overlapping amplicons only if those do not end in primer-derived sequences at 

a tested position. Variants lying in non-overlapping regions are unaffected by primer 

bias, and therefore do not require correction by OREO. Using one probe for each 

allele and stringent base-matching allows the specific enrichment and quantification 

of overarching reads containing reference or alternative SNP alleles. Applying a 

stringent filtering method is required to clearly distinguish the alleles at the queried 

position, but also means that reads with random sequencing errors at sites which 

the probes recognise are also excluded. To minimise this loss, probe length is kept 

to the minimum that permits selection of overarching reads, while remaining 

specific. Each probe in a pair has the same length, so any loss is proportional for 

both alleles. At any queried position the coverage of reads retained after OREO 

drops to the level of only one of the two amplicons, namely the one which lacks 

primer-derived sequences at the tested position. Therefore, the coverage loss is 

position- and sample dependent. Probe sequences, an example of use and the 

OREO Bash script is provided in text format in Appendix E.  

To represent the significant reference bias removed by OREO, here is an example 

at position 16,234 in sample bak-41, where the alternative variant ‘T’ was detected 

in only 38% (2966/7824) of raw reads, but after OREO processing this increased to 

97% (2909/2998) - and hence the variant ‘T’ was corrected from a minor 

heteroplasmy allele to technically a SNP under the applied thresholds. Thus, 
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applying OREO with the prototype kit identified SNPs (i.e. variants in >90% of the 

reads, using the 10% threshold for heteroplasmy calling) at 161 of the 1200 

positions amplified, defining a total of 101 distinct and diverse mtDNA haplotypes. 

Prediction of haplogroups from sequences confirmed that the sample set includes 

most major clades of the mtDNA phylogeny (Figure 5.2). Since the samples are not 

representative of populations, no population statistics were applied to the results. 

5.3.3 Validation of PowerSeqTM MPS mtDNA data 

Sequences derived following OREO adjustment were validated for 65 samples for 

which previous data were available, considering base substitutions lying outside the 

homopolymeric tracts or the AC-repeat region. Discrepancies were observed in 

5/65 samples (Table 5.4), and in all cases these were variants observed in the data 

generated here that were absent from a reference data source (i.e., potential false 

positives). For two of these samples, comparative data were available from two 

sources (1000 Genomes Project Consortium 2015; Batini et al. 2017), one of which 

agreed with the data generated here. For the remaining three samples (involving 

six variant sites in total) the discrepancies cannot be resolved. In conclusion, 

conservatively treating these six sites as errors in the current data, this would yield 

a false-positive rate of 6/480=1.25%; however, it is worth noting that coverage over 

the discrepant sites in the current data is much higher than in the comparative 

datasets, even after using OREO to select overarching reads when variants lie in 

overlapping segments (Table 5.4). No base substitutions observed in the 

comparative datasets were missed here.  
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Table 5.4 
Discrepancies between the called homoplasmic substitutions and the 
reference datasets. 

 
NC: not called as different from reference. 

 

5.3.4 Performance of mtDNA amplification across the 

phylogeny 

As previously noted, the diverse sample set studied here (Figure 5.2) is suitable for 

testing the efficiency of MPS multiplexing in a wide variety of control region 

sequences. SNPs within primer-binding sites can affect PCR efficiency for 

individual amplicons, and thus the confidence of variant calling. This could be 

detected by observing particularly low coverage for an amplicon that is generally 

well covered in the dataset. As an example, the non-overlapping segment of 

amplicon #3 (Figure 5.1; also in more detail later in Section 5.3.7; positions 16,248–

16,363) in sample tur-16 showed a mean coverage of 159 ×, compared with a mean 

of 2207 × for the same segment in all other samples with the same multiplexing 

level. The low value of coverage for this segment was also in contrast to the mean 

coverage of 2046 × for other segments within the same sample. This particular 

sample belongs to haplogroup HV2a1, and carries two SNPs (16214T and 

16217C), which potentially lie under a primer-binding site for amplicon #3. This 
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example illustrates the fact that sequence variants can affect amplification 

efficiency for specific amplicons. However, this example involves only one of the 

1010 targeted amplicons generated from the sample set, and even in this case the 

two neighbouring SNP variants decreased, but did not eliminate amplification of the 

mtDNA template in this region, and therefore the overall performance of the kit in 

these diverse mtDNAs is robust. 

5.3.5 Detection and quantitation of heteroplasmy 

Given the issues with reference sequence bias and the difficulty of trimming primer-

derived sequences from reads as described above in Sections 5.3.2.1 and 5.3.2.2, 

it was of interest to ask if the single-reaction multiplex was able to reliably detect 

and quantify heteroplasmy. For apparent heteroplasmic sites, mixture between 

different samples could provide a trivial explanation; to address this, the fact that 

this study used the prototype multiplex kit PowerSeq™ Auto/Mito/Y System 

(Promega) (Huszar et al. 2018) was exploited, since it could provide evidence of 

mixtures through examination of autosomal and Y-STR profiles. In the samples with 

confirmed heteroplasmies, no unexpected mixed STR profiles were observed down 

to a 1% level of the reads (Chapter 3 and Chapter 4) that could indicate 

contamination. After variant calling and data processing via OREO, potentially 

heteroplasmic sites (with both reference and alternative variants) were analysed. 

Traditionally, based on Sanger sequencing, the levels of heteroplasmy at such sites 

are described by the minor allele frequency (MAF; ≤50%) down to a technology-

dependent threshold below which heteroplasmy cannot be reliably identified. Here, 

however, since MPS relies on a reference sequence mapping approach, variants 

were identified based on alternative allele frequency in which an alternative variant 

is observed in 10–90% of the reads at a site (corresponding to 10% MAF threshold). 

When an alternative variant at a given site is present in <10% or >90% of the reads, 

the site is called as homoplasmic (reference or alternative allele, respectively). The 

10% MAF threshold represents a similar resolution of heteroplasmy to that of the 

classical Sanger method (Irwin et al. 2009). 
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After accounting for the primer-derived sequences at the end of the reads 45 

apparent heteroplasmic substitutions were identified, at which the minor allele is 

either the reference or the alternative variant. Such sites were observed in 39 

samples at 33 positions, and each of these samples contained between one and 

three variants. Two samples were also identified that contained the same single-

nucleotide insertion (44.1C) in a heteroplasmic state (showing alternative variant 

proportions of 69% and 77% in overarching reads). To investigate the status of 

these apparent heteroplasmic sites, their locations within the control region were 

considered (Figure 5.5). It is clear from Figure 5.5 that the detected apparently 

heteroplasmic sites cluster in likely primer-binding sites: thus, despite efforts to 

remove reference bias by enriching for overarching reads, some bias remained.  
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The OREO approach filters out reads containing likely primer sequences at their 

ends, so the remaining bias logically must be due to primer sequences that are 

internal to the reads, most likely via overlap extension (Thornton 2016) - the 

annealing of overlapping single-stranded PCR products, which can prime synthesis 

from the 3´ end of an already incorporated primer-derived sequence (Figure 5.6).  

 

Figure 5.6 
Overlap extension of PCR products. 

Annealing and extension of overlapping single-stranded PCR products introduces 
reference sequence bias internal to the reads. Shorter amplicons (green horizontal bars), 
similarly to primers (black boxes and black thicker bars), can anneal to the designed 
amplicons (orange horizontal bars) when single-stranded during amplification, and 
generate products that contain primer-derived sequences internal to the reads. OREO uses 
probes (white boxes) to filter out reads that do not span over the primer site to reduce 
reference bias from primers, however the hybrid products of overlapping extension escape 
this process, and therefore carry over reference bias into the retained reads. 
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Therefore, heteroplasmy calling is not reliable in regions of likely primer binding 

sites, even at a conservative level of 10%, and therefore must be omitted. Applying 

this conservative criterion risks losing some genuine heteroplasmy, and reduces 

the number of apparent heteroplasmic calls from a total of 47 to four (the white bars 

in Figure 5.5). Of these, two are at position 195, a well-known heteroplasmy-prone 

site (Irwin et al. 2009). 

Apart from single-nucleotide variants, simple-sequence regions (e.g. homopolymer 

tracts) were also analysed, including quantitation of length heteroplasmy. Within 

these regions, 284 instances of variants were found. Each sample contained 

between one and four such variants (Appendix E shows an example of the principle 

for estimating length polymorphisms). 

To assess the potential ability of other readily available approaches to mitigate the 

effect of primer-derived sequences in variant and heteroplasmy detection, two tools 

were also tested that were designed for the analysis of mtDNA MPS data. The 

online tool mtDNA-Server (Weissensteiner et al. 2016a) acknowledges the problem 

with overlapping amplicons and heteroplasmy detection, but does not offer an 

option to correct for the presence of primers in reads. It gave a very high number of 

heteroplasmic calls (data not shown), comparable to the data obtained here prior 

to correction with OREO. The trial version of the commercial software 

GeneMarker®HTS v1.2.2.1338 (SoftGenetics®, LLC) contains the option to input 

amplicon coordinates, but it is unclear how this information affects data processing; 

when comparing outputs with and without this option, both gave comparably high 

numbers of heteroplasmic calls (data not shown), as in the uncorrected data here. 

Since neither of these tools were aiming to correct for the primer-derived bias that 

was observed here, OREO remains the most successful tool for decreasing, if not 

completely removing, bias from the data. 
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5.3.6 Improved heteroplasmy detection with the CRM Nested 

System 

The improved format of the redesigned PowerSeq™ CRM Nested System 

multiplexes only mitochondrial amplicons, streamlines the library preparation 

process and minimises sample loss by using a nested amplification protocol with a 

single-step PCR including both amplification and incorporation of indexed 

sequencing adapters. A subset of 57 samples that showed potential heteroplasmy 

with the prototype kit was analysed using the CRM Nested kit to assess how this 

improved approach affects the accuracy of detection of heteroplasmic sites. The 

CRM Nested design not only provides potentially higher coverage per sample, but 

also has the advantage of preventing the internalisation of the primer sequences 

(compare Figure 5.6 and Figure 5.7) because overlapping extension from the 

single-stranded short amplicons is now prevented by the flanking adapter 

sequences.  
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Figure 5.7 
The Nested CRM design prevents extension of overlapping single-stranded 
PCR products and internalisation of primers. 

In the CRM Nested design the tailing adapters (blue bars) at the end of the amplicons 
prevent overlapping extension and internalisation of primer-derived sequences. The 
remaining primer-derived sequences are successfully filtered out by OREO. 

 

The 47 heteroplasmic calls observed using the prototype kit were re-examined; just 

using the CRM design resolved nine of these calls even in the raw data as no longer 

heteroplasmic. These were found to have three reference and six alternative alleles 

(details shown in Table 5.5), highlighting the effect of previous primer internalisation 

by overlap extension. 
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Table 5.5 
Effects of data 
processing 
steps on 47 
heteroplasmic 
variants. 

Alternative variant 
% is shown for 
both the prototype 
(pType) and the 
new CRM Nested 
(CRM) design. 
'<95 trim' denotes 
the trimming off of 
short amplicons. 
Grey bars mark 
whether the variant 
positions are likely 
primer sites, 
therefore likely to 
be affected by the 
bias. (Forward 
primer site for 
amplicon #8 was 
slightly changed 
from position 203 
to 218 from the 
prototype to the 
commercial form of 
the kit.) 
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While samples were subject to bead-based size selection during library 

preparation as per the manufacturer’s protocol, nevertheless a large proportion of 

the shorter (52 – 89-bp) amplicons (explained in Chapter 2, Figure 2.5) survived 

the process and therefore further contributed to the non-uniform coverage. Since 

the new design generates only mitochondrial amplicons, it gives a better defined 

read-length profile compared to the prototype kit (compare Figures 5.8a and b), 

which contained amplicons from variable-length STRs as well.  

 

Cont. 
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Figure 5.8 
Read-length profiles compared for the prototype and the CRM kit. 

Compared with the prototype kit (a), the updated CRM design (b) allows the precise 
removal of reads generated from the short amplicons from the QC-ed FASTQ files using 
bioinformatic trimming tools. Here, after confirming the ideal threshold via the FastQC 
software read-length profile function, Trimmomatic was used to remove reads shorter than 
95 bases – represented by the blue vertical line in (b) – from sample CHB-NA18608. 

 

This makes it possible to apply in silico size selection to the generated data from 

the CRM kit to minimise the effect of potentially interfering short amplicons. After 

careful examination of the read-length profile plot for each sample generated by 

FastQC software (Andrews 2010) a cut-off of 95 nt was defined to remove reads 

generated from these shorter amplicons (the green reads in Chapter 2, Figure 2.5; 

Figure 5.6 and Figure 5.7) using Trimmomatic v0.32 software (Bolger et al. 2014). 
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The generation of these short amplicons is not uniform among overlapping 

segments, and the removal of these mostly improves the regions of overlap at 

positions 16,533-52, 16,363–16,509, 109–180 and 16,450–16,509 (Figure 5.9 a,b 

and c), where they are shown to significantly contribute to the coverage observed 

in these regions. 

 

Cont. 
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Figure 5.9 
Contribution of short amplicons to non-uniform coverage over the control 
region. 

The figure follows Figure 5.3, as described there. Part (a) shows the normalised mean 
coverage values for the PowerSeqTM CRM Nested kit design before trimming off the short 
amplicons, (b) shows it after trimming these off. Part (c) plots the percentage of trimmed 
off reads per region, showing that short amplicons are formed in a non-uniform fashion. 

 

After removing the short amplicons, the remaining 38 calls were still apparently 

heteroplasmic, although some of the allele proportions changed (in Table 5.5 - 

column ‘CRM+<95trim’). Following the removal of the short reads, OREO was 

applied as an alternative to primer trimming to bypass primer sites for calling 

variants. Applying OREO clarified all the 47 heteroplasmic calls (in Table 5.5 - 

column ‘CRM+<95trim+OREO’). Six sites were shown to present clear 

heteroplasmy, one of which (16150T at 22% in sample hun-5) was successfully 

identified despite lying under a primer site (Figure 5.10); the remaining 41 

occurrences were resolved either as reference (three) or alternative variant (38) 

alleles. These 38 SNP calls clearly demonstrate the high proportion of reference 

bias conveyed by the presence of primer sequences in the reads, and the 

importance of accounting for their presence in the dataset. Comparisons of the 

effects of the different kits and data processing steps on the 47 initially flagged 

potential heteroplasmic calls are summarised in Table 5.5. 
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The nested approach of the CRM kit prevented the internalisation of primers which 

had been identified as the likely source of the retained reference bias observed in 

the prototype. This suggested that the direct trimming of primers from read ends 

would be more effective with the CRM design; however, if the trimmed length is too 

short, primer bias will be retained, while if it is too long, coverage gaps will be 

introduced. In the experiment here, biased SNPs were observed up to 27 bp from 

the ends of amplicons, suggesting that at least 27 nt should be trimmed from reads 

to remove primer bias. However, such trimming creates a small gap in the overlap 

region of amplicon #2 and #3 covering variable positions 16,222 and 16,223, thus 

introducing false negative calls. Overall, although the conventional trimming 

approach has the virtue of simplicity, this comes at the cost of introducing coverage 

gaps, a problem that does not apply to OREO.  
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Observing the effectiveness of the CRM kit design when followed by appropriate 

data processing steps (in silico size selection and OREO, Table 5.5, Figure 5.11), 

and permitted by the higher coverage obtained, the heteroplasmy calling threshold 

was lowered from 10% to 5% (Table 5.3). Applying the 5% threshold flagged 102 

sites which were compared between the two kits after data processing, and are 

shown in Table 5.6; this identified a further six heteroplasmic sites. 

Table 5.6 
Effects of data processing steps on 102 heteroplasmic variants. 

All apparent heteroplasmic variants are listed lowered to the 5% detection level. - 
Alternative variant %s are shown for both the prototype (pType) and the new CRM Nested 
(CRM) design. '<95 trim' denotes the trimming off of short amplicons. Grey bars mark 
whether the variant positions are likely primer sites, and therefore likely to be affected by 
the bias. (Forward primer site for amplicon #8 was slightly changed from position 203 to 
218 from the prototype to the commercial form of the kit.) 

 

Cont. 
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Heteroplasmy detection thresholds were set to be between 5 and 95% alternative 

variant proportions. Heteroplasmic sites were detected at eleven different positions 

within the control region (182, 195, 204, 207, 297, 316, 16,069, 16,093, 16,129, 

16,150 and 16,527) in a total of twelve samples, these calls range from 8 to 95% 

alternative variant proportion (Table 5.6). Several of these positions are often 

reported elsewhere as heteroplasmic (Holland et al. 2011; Lascaro et al. 2008). For 

example, position 16,093 in the adjusted CRM data was observed once above (and 
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also twice below) the 5% reporting threshold. Only two of these are transversions 

(297C 9% and 316C 16%), both positioned away from primer-binding sites (details 

in Table 5.6). After applying OREO, the number of homoplasmic variants identified 

in the control region increased to 197, including five simple indels. 

5.3.7 Detection of numt sequences 

In a multiplex control-region assay, reduced coverage for a specific amplicon 

(Eichmann and Parson 2008) could permit the detection of a numt sequence, as a 

pattern of variants resembling multiple closely linked heteroplasmic sites (Figure 

5.12). In the low-coverage interval of the sample (tur-16) described in Section 5.3.4, 

fourteen sites in a window of 114 bp showed mixed allele calls with the minor 

component at a level of ~28%. The minor-component sequence was used in a 

blastn query against the nucleotide collections of GenBank, and returned a known 

polymorphic numt sequence inserted after chr11:49,862,017 (GRCh38) on 

chromosome 11p11.12, first described by Zischler et al. (1995), and subsequently 

noted by others (Bintz et al. 2014; Dayama et al. 2014; Lang et al. 2012; Ricchetti 

et al. 2004; Thomas et al. 1996). Given this knowledge, numt-specific variants were 

surveyed in the sequence flanking the 114-bp window and presented the same level 

of numt-specific reads at three additional sites underlying a much higher coverage 

of cognate mtDNA reads (Figure 5.12). 
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This numt sequence was identified because of the low-coverage amplicon in tur-

16, but having discovered it, it was worth asking whether it also existed as a low-

level component of reads in other samples. Similarly low-levels of this sequence 

were detected (at a mean of 0.67% of the reads) in an additional 43 samples of 

diverse continental origins, showing that the numt sequence may be polymorphic, 

and present at high frequency in the diverse sample set surveyed here. This is 

consistent with previous findings of the geographical distribution of this insertion 

(Lang et al. 2012; Ricchetti et al. 2004; Thomas et al. 1996), and with the frequency 

in the 2504 samples of the 1000 Genomes Project (where it is annotated as the 

structural variant esv3626324 in dbVar, and also as the SNPs rs116522696 and 

rs115254439). The 29 analysed samples that were also included in the 1000 

Genomes Project were inspected: in 1000 Genomes data, 9/29 samples lack the 

insertion, and the data generated here agree with these. However, the numt 

sequence is known to be present in all 20 remaining samples, but here it is detected 

in only four, indicating a high false-negative rate.  

This numt sequence was also detected in two-thirds of the samples processed with 

the PowerSeq™ CRM Nested System, and while again no false positives were 

detected compared to 1000 Genomes Project data, detection of the presence or 

absence of the numt sequence between the two kit types was not always 

consistent. 
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5.4 Discussion 

Here, a set of 101 diverse human DNA samples has been analysed to investigate 

the calling of variants in the mitochondrial control region using an MPS-based 

approach. Coverage across the control region is non-uniform in overlapping 

amplicon approaches (Figure 5.3 and Figure 5.9). Excess coverage may result 

partly from differences in amplification efficiency among amplicons, but also, 

because of the single-reaction kit design, from the preferential generation of shorter 

amplicons which occupy substantial sequencing capacity of an MPS run (Chapter 

2, Figure 2.5). Sequence reads from shorter products contain a high proportion of 

primer-derived sequences which cannot be precisely removed by conventional 

trimming because the primers are proprietary, and which introduce reference 

sequence bias in the data. This necessitated the development of an alternative 

data-processing approach (Overarching Read Enrichment Option, OREO), to 

bypass the bias introduced by primers at the ends of reads by retaining only 

overarching reads. Following application of OREO, analysis of the mtDNA control 

region in a set of 101 samples using the prototype kit design (PowerSeq™ 

Auto/Mito/Y System) showed generally robust amplification and sequencing, 

despite the high diversity of analysed mitochondrial genomes, which covers a wide 

range of the mtDNA phylogeny (Figure 5.2). All 101 samples presented different 

sequences, defined by variation among 161 SNPs within the control region. 

Validation against independent data from whole mtDNA sequences for 65/101 

samples (1000 Genomes Project Consortium 2015; Batini et al. 2017) showed a 

high degree of concordance with no false negative variants. A conservative false-

positive rate of 1.25% was estimated, but given the high sequence coverage of the 

data over the relevant sites it is highly likely that the error lies in the comparative 

data rather than the data generated here, and the false-positive rate is in reality 

likely to be lower than this. 

Heteroplasmy is a ubiquitous phenomenon, and needs to be considered in any 

forensic analysis of mtDNA (Parson et al. 2014). As with the detection of numt 
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sequences, the introduction of MPS has improved the sensitivity of detecting lower-

level heteroplasmy compared to Sanger-based methods (Gallimore et al. 2018). 

Application of OREO, an alternative to primer trimming, reduced the number of 

potential heteroplasmic variants by removing the bias introduced by primer 

sequences at the ends of reads, but not those that are internalised by overlap 

extension (Figure 5.6). 

The PowerSeq™ CRM Nested design prevents overlap extension by adding 

adapter sequences onto the ends of the amplicons (Figure 5.7). Data from this kit 

can then be processed to remove reads from the short amplicons by in silico size 

selection, and further improved by applying OREO when calling variants and 

quantifying heteroplasmies at primer sites (Figure 5.11). 

The combination of improved chemistry of the PowerSeq™ CRM Nested System 

and appropriate data processing with OREO allowed a consideration of the whole 

control region to accurately call variants and heteroplasmies down to the level of 

5%, identifying 197 different variants and twelve point heteroplasmies in this sample 

set. Notably, other MPS-based approaches permit lower thresholds, thanks to 

different kit designs or deep sequencing (Holland et al. 2018; Rathbun et al. 2017); 

however, for the general purposes of variant and heteroplasmy detection the limit 

used here of 5% seems sufficient. 

Considering kit design more generally, a non-overlapping two primer-mix option 

(following the original approach; Eichmann and Parson 2008) remains preferable 

to a single-reaction multiplex. Even though OREO can overcome the artefacts 

associated with the single-reaction approach, the short amplicons of overlapping 

regions can take up significant capacity on the surface of the sequencing chip. 

While this is manageable when processing ideal reference quality samples, as was 

demonstrated here, the effect will be more detrimental when sample quality is non-

ideal: short amplicons will be further elevated, and longer amplicons reduced, 

enhancing the bias present at the primer sites in variant calls. 
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The human genome is well known to contain many numt sequences (Hazkani-Covo 

et al. 2010; Lascaro et al. 2008) and some of these are polymorphic insertions 

which can be used in human population studies and phylogenetic analyses 

(Dayama et al. 2014; Lang et al. 2012). These divergent copies of mtDNA 

fragments are not expected to cause particular concern in short-amplicon 

sequencing of the control region, due to the multiple copies of cognate mtDNA 

template, and the extremely high coverage of the resulting cognate reads. Indeed, 

co-amplified numt sequences are generally below the detection limit of conventional 

Sanger sequencing-based assays, although they have been detected with 

denaturing gradient-gel electrophoresis, which was intended to resolve lower level 

heteroplasmies (Tully et al. 2000). The depth and precision of MPS can allow the 

detection of low-level numt-derived reads (Bintz et al. 2014), but again these reads 

do not normally reach the variant calling threshold and are therefore not reported. 

In this study, however, reduced amplification efficiency for one amplicon in one 

individual, due to the presence of SNPs within a primer-binding site, allowed a numt 

sequence to be detected (Figure 5.12). This prompted a wider screen for the same 

numt sequence, and it was found to be detectable with both kit types at very low 

levels in more than half of the sample set (though comparisons to the 1000 

Genomes Project data show a high false-negative rate, so its true frequency must 

be higher). Considering that these nuclear templates are neither specifically 

targeted nor enriched for detection, but observed only as a byproduct 

overshadowed by usually overwhelming cognate mitochondrial templates, it is not 

surprising that they are observed inconsistently. Relevant variables include the 

individual underlying variants in the sample, the relative amplification success of 

the nuclear and mitochondrial templates, relative concentration of mtDNA and 

nuclear DNA in a tissue, the multiplexing level and other run parameters affecting 

the coverage of the sample. Thus, despite the high population frequency and 

widespread distribution of this polymorphic numt sequence (Lang et al. 2012; 

Thomas et al. 1996), it interferes with variant calling in reference samples only 

rarely. In non-forensic applications numt sequences could interfere with correct 

reporting of mitochondrial DNA variants (Parr et al. 2006). However, in the analysis 
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of casework samples where low-level minor components are of particular interest 

(Bintz et al. 2014), numt sequences could become visible, requiring removal (Ring 

et al. 2018), or may be falsely interpreted as heteroplasmies or mixtures. 
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5.4.1 Highlights and Conclusions 

The single-reaction multiplex provides a robust tool to analyse mtDNA control 

region variation across a range of haplogroups. The commercial design of the 

PowerSeq™ CRM Nested System, provided appropriate data processing is applied 

to mitigate reference sequence bias, can identify variants throughout the whole 

control region. With the experimental setup tested here together with the data 

analysis workflow developed for this study the CRM kit is able to measure 

heteroplasmies accurately down to a 5% threshold. 

To improve the detection and quantification of variants and heteroplasmies a 

bioinformatic method, OREO, was developed to decrease the effects of non-

uniform coverage and reference sequence bias in overlapping amplicon 

sequencing studies. 
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CHAPTER 6: Massively parallel sequencing of forensic 

markers in the People of the British Isles 

6.1 Introduction 

6.1.1 History of the British Isles 

Prehistorically, the British Isles have a long history of occupation by anatomically 

modern humans dating back to 41-45 KYA (Higham et al. 2011). However, the 

region was no longer habitable by the start of the Last Glacial Maximum around 

26.5 KYA, and it was only by ~11.5 KYA, as the deglaciation commenced and the 

climate warmed up, that Palaeolithic hunter-gatherers were able to recolonise this 

area from the continental mainland, via land that connected Britain to the continent 

of Europe, as shown by radiocarbon dating of human remains (Barton et al. 2003). 

From the mesolithic period the oldest complete human skeletal remains in Britain 

were found in Gough's Cave, Somerset, referred to as the “Cheddar” Man, a 

Western European mesolithic Hunter-Gatherer (WHG) from about 9.1 KYA (Davies 

2000). A recent study sequencing his whole genome to ~2.3 × coverage estimates 

a phenotype of blue or green eyes, dark hair and dark or very dark skin, consistent 

with other WHGs of the time period elsewhere, which precedes the introduction of 

lighter skin pigmentation introduced via the Neolithic Farmer influx. The estimation 

however compares the genetic variants to the currently known variant pool and their 

corresponding phenotypes, and thus, it is more uncertain than predicting similar 

traits from current remains (Brace et al. 2019). 

Neolithic Farmers first appear in Britain about 6 KYA via different routes from 

continental Europe and admix with present WHGs; however, this admixture 

happens later and to a lesser extent than it does across continental Europe. The 

introduction of farming caused a transition in population size, material culture and 

lifestyle (Brace et al. 2019). 
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It is known from archaeological evidence that a distinctive Bell Beaker pottery 

spread into Britain about 4.5 KYA, shortly before the start of the Bronze Age. A 

recent genomic study (Brace et al. 2019; Olalde et al. 2018) using ancient DNA 

sequences found that Britain underwent significant population replacement at the 

time marked by the presence of this culture. This transition was accompanied by a 

massive shift in ancient Y-chromosome sequences, observed as a near 

replacement of haplogroups I2 and G2 by R1b, which remains the commonest 

haplogroup in Britain today (Balaresque et al. 2010). 

During the Bronze and Iron Ages the Celtic culture from mainland Europe was 

brought to the British Isles, most likely by a small number of people rather than in 

the form of an ‘invasion’ (Searle et al. 2009). What may be referred to as the Celtic 

people of Britain are the early modern inhabitants, the Britons. They were assumed 

to be loosely tied by traditions, religions, and the Celtic sub-family of Indo-European 

languages, which includes Irish Gaelic, Scottish Gaelic, Welsh, Breton, and the 

now-extinct languages Manx and Cornish (Davies 2000; Forster and Toth 2003).  

The Roman occupation (43-410 CE) made Britain part of the Roman Empire under 

the name of Britannia and is believed to be accompanied by only minimal migration, 

but marked cultural change that persists in archaeology, roads, town-plans and 

place names, including that of Leicester. The Roman administration was followed 

(450-600 CE) by large-scale settlement from the near continental Europe by 

Angles, Saxons, Frisians and Jutes into Southern and Eastern Britain (Weale et al. 

2002). The regions affected by the Anglo-Saxon migration experienced a language 

shift to the Germanic Old English, and place names were also affected. However, 

in the Atlantic fringes of Cornwall, Wales, Northwestern England and Scotland the 

Celtic languages persisted as they remained under the control of Britons. 

Orkney and other islands north of Scotland were settled by Vikings from Norway 

from the late 8th century. Norway annexed Orkney from 875-1472, and thus Orkney 

was culturally influenced by Scandinavia. Some other Norse Viking settlements 

were found in the west - the Isle of Man, Ireland and Wales; the raids and large-
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scale Viking invasion of Eastern England started from the 9th century, largely from 

what is now Denmark. From East Anglia to North West England the settlers 

established a region of administrative control from the 9th - 11th centuries, the 

Danelaw, witnessed by archaeological finds and preserved in Scandivaian place 

names, which, for example make up 70% of the minor names of Lincolnshire places 

(with endings such as ‘‘-by’’, “-toft”, and ‘‘-thorp(e)’’ (Smith 1956). 

The Normans of northern France invaded Britain in 1066 CE, taking control over 

England and South Wales and part of Ireland by means of a small elite, and hence 

accompanied by only minimal migration. The name ‘Norman’ derives from 

‘Northmen’, indicating that these people, too, were descended from Scandinavians. 

The major events described here are also shown on Figure 6.1, reproduced from 

Leslie et al. (2015). 
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Figure 6.1 
Major events in the peopling of the British Isles from Leslie et al. (2015). 
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6.1.2 Summary of earlier studies of genetic diversity in the 

British Isles 

Uniparental marker studies (Goodacre et al. 2005; Wilson et al. 2001) provided 

evidence for male Scandinavian contributions from Y-chromosomal DNA in Orkney, 

but did not find the same from the mtDNA maternal lineage data, suggesting sex-

biased processes in settlement and cultural transition.  

 

A Y-focussed study of (Weale et al. 2002) transected the island from England to 

Wales by sampling appropriately sited small towns, and noted a transition in Y-

chromosome types between England and Wales, but no real differentiation 

between Frisian and the English samples; this was interpreted as the effect of the 

Anglo-Saxon mass migration shifting the Central English male gene pool. Modelling 

approaches suggested that the number of migrants needed for this shift was 

extremely large, giving rise to scepticism from historians. Interestingly; however, in 

another Y-chromosomal study (Capelli et al. 2003) of Britain and Ireland, they also 

found high level of Danish/Northern German input in regions with historical Danish 

influence, but they chose to interpret this as a mark of a Viking presence instead. 

In contrast to the several studies of Y-chromosomal diversity in the British Isles, no 

systematic attention has been paid to the mtDNA lineages, perhaps because widely 

assumed patrilocal marriage practices are expected to correlate the Y-

chromosomes better to geography. 

6.1.3 The PoBI project 

The differences between genomes are non-randomly distributed with respect to 

geography, and sampling indigenous populations with shared migration history 

therefore means the genetic similarity observed within and between them tends to 

correlate to their geographical proximity due to low ancestral mobility 

(Ramachandran et al. 2005). The sampling of modern populations in a 

geographically systematic manner allows inferences about the population structure 
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within these areas, shaped by migrations, admixture, selection and genetic drift 

(Winney et al. 2012). 

The People of the British Isles project (PoBI) used carefully selected modern 

samples to infer past population history from autosomal SNP markers across the 

genome. In order to capture the fine-scale population structure, samples were 

selected based on the criterion of having all four grandparents born within 50 miles/ 

80 km of each other in rural areas, and therefore relatively unaffected by recent 

major migrations and admixture (Winney et al. 2012). 

  

Conventional methods such as PCA, STRUCTURE (Pritchard et al. 2000) or 

ADMIXTURE (Alexander et al. 2009) rely on SNP frequencies alone and are ideal 

to detect large-scale differences between populations, for example at continental 

levels; however, these are seldom able to detect fine-scale structure within 

indigenous national populations such as that of Britain beyond the most 

differentiated regions, for example Orkney and Wales (Leslie et al. 2015). However, 

more subtle levels of genetic differentiation could be captured by the clustering 

algorithm, fineSTRUCTURE (Lawson et al. 2012), which also accounts for linkage 

disequilibrium, the association of SNPs with each other due to coinheritance. Using 

fineSTRUCTURE the PoBI project analysed over 500,000 common genome-wide 

autosomal SNPs, and their frequencies and haplotype associations identified 17 

main genetic clusters (Figure 6.2; Leslie et al. 2015). 
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Figure 6.2 
Autosomal-based fineSTRUCTURE clusters detected in the PoBI study 
(from Leslie et al. 2015).  

The deepest branching clusters represent the separation of Orkney and Wales, 

confirming observations from using the less sensitive ADMIXTURE analysis. 

Although individual genomes were analysed without reference to geography, when 
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plotting these according to the birthplace of the donor’s four grandparents, the 

clusters showed largely non-overlapping patterns, which demonstrates the power 

of the method to be able to reveal population structure.  

 

To further understand the composition of these clusters the authors compared them 

to over six thousand samples from relevant continental sources and defined the 

contributions of these to the PoBI clusters. Some European groups contribute to 

most clusters, and thus can be interpreted as more ancient contributions now 

widespread by standard population movement, but others only provide input to a 

limited number of PoBI clusters, the relatively recent (medieval) contributors, where 

the time passed has not yet allowed the spreading of these components across the 

population. For example, about 25% Norwegian ancestry is estimated for the 

largest Orkney cluster, aligning well with the known history of these islands being 

part of the Kingdom of Norway for about six hundred years. The major 

Central/South England cluster showed 35% ancestry from a North-West German 

group, while the group did not contribute to Welsh clusters, and therefore this 

component was considered to be associated with the Saxon migrations. 

Interestingly relatively little input from Danish European groups, a proxy for Danish 

Viking migrants, was found and no Danelaw cluster is differentiated possibly due to 

free migration in the area of the Central/South England cluster. However, the North-

West German group (attributed to the Saxon component) cannot be reliably 

separated from the Danish European groups, and thus could also reflect the Danish 

Viking contributions (Kershaw and Røyrvik 2016). 

 

Although these associations are not definitive, the study was groundbreaking in the 

use of fine-scale genetic differences found in modern samples to understand past 

migrations and admixture components and how these have affected the genetic 

landscape of Britain as it is today.  

 

Apart from the reported autosomal variation, the PoBI dataset also contained data 

on the Y-chromosomal and mtDNA variants from the SNP arrays; although these 
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data have not been published, the data were available through collaboration 

(W.Bodmer, J.Wetton personal comm., unpublished data), and could be used here 

for comparison to MPS data. 

6.1.4 Other studies from the British Isles 

Early studies of Ireland’s population structure showed a general east-to-west cline 

in Y chromosome haplogroup diversities (Hill et al. 2000) and blood group 

frequencies (Relethford 1983), but no fine-scale analysis had been done at the time 

of the PoBI study. 

 

Following the PoBI methodology and focussing on the Republic of Ireland, the study 

of Gilbert et al. (2017) used the ‘Irish DNA Atlas’ cohort of 194 samples with four 

generations of local ancestry, and found ten genetic clusters. Seven of these 

reflects ancient ‘Gaelic’ Irish ancestries, while three are shared with the British. The 

Gaelic Irish clusters sit closer to the Orcadian clusters from PoBI, which may be 

due to both having high proportions of Norwegian ancestry (up to ~20% in these 

Irish clusters), which were dated to the time of the Norse Viking activity. A high level 

of North-West French ancestry from continental Europe was also identified, which 

was associated in this study with Brittany and with Celtic language ties. A similar 

study by Byrne et al. (2018) of an Irish population based on 1079 individuals found 

nine main clusters and a general west-east cline of Celtic-British ancestry, with 

increased homogeneity in the east which was interpreted as a signal of British 

admixture due to the geographic proximity. 

Gilbert et al. (2019) focussed specifically on Scotland, and performed a similar 

fineSTRUCTURE analysis on 2554 individuals, including donors from 

undersampled Scottish areas, the Hebrides, Shetlands, and also the Isle of Man. 

This study found six main genetic clusters, and a general North East to South West 

divide. 

 

With sequencing becoming more and more affordable, available genome-wide data 

is expected to increase. Large datasets, preferably with good geographical 



194 
 

resolution, would be able to further support studies of population history (Leslie et 

al. 2015). Interestingly, citizen scientists with an interest in genealogy and the will 

to invest in gathering their own genomic data, and accept the risks and benefits of 

sharing it with the community, may contribute significantly to this growing source of 

information, and provide better inferences on population histories beyond the 

original intention of growing their own family trees (Balanovsky et al. 2017); 

 https://www2.le.ac.uk/departments/genetics/people/jobling/citizen-science ). 

6.1.5 Current ethnic composition of the British Isles 

Table 6.1 and Figure 6.3 are compiled from the data of 2011 censuses from 

England and Wales (https://www.ons.gov.uk), from Scotland 

(https://www.scotlandscensus.gov.uk), from Northern Ireland 

(https://www.nisra.gov.uk/), and also supplemented with data for the Isle of Man 

(https://www.gov.im), plus data from the Republic of Ireland (https://www.cso.ie). 

These show the self-reported ethnicities in 2011 in the UK and its countries 

respectively, the British Crown dependency of the Isle of Man and the Republic of 

Ireland. For the UK, the majority of the population are self-declared White (87.1%) 

and the following main ethnicities are above 1%: Asian (all together 7%), Black (3%) 

and Mixed (2%).  

  

https://www2.le.ac.uk/departments/genetics/people/jobling/citizen-science
https://www.ons.gov.uk/
https://www.scotlandscensus.gov.uk/
https://www.nisra.gov.uk/
https://www.gov.im/
https://www.cso.ie/
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Table 6.1 
Self-reported ethnicity components of the British Isles. 

Data compiled from the 2011 censuses for the UK, Isle of Man and the Republic of Ireland 
based on self-reported ethnicities. The forensic STR studies (either using MPS or CE 
methods) published to date for these ethnic groups are listed on the right. 

 

 

Due to the specific PoBI sampling criteria the most likely sub-population 

represented by this sequenced dataset is the self-reported ‘White’ ethnicity. This 

dataset was generated from geographically distributed rural indigenous people, 

and somewhat similar (except the stringent sampling criteria) to the ‘White British’ 

subset whose forensic markers were sequenced by Devesse et al. (2018) (as 

shown in Table 6.1 above). 
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Figure 6.3 
The main census-based ethnicity components of the British Isles. 

Data compiled from the 2011 censuses. 
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6.1.6 Terminology of the British Isles 

The complex history and administrative evolution of The British Isles has resulted 

in some variation of the nomenclature to describe its parts. In common usage these 

terms are often used interchangeably, and also often wrongly, therefore Figure 6.4 

from the Encyclopaedia Britannica should help clarify the differences. 

 

 

Figure 6.4 
Terminology of the British Isles. 
 
From the Encyclopaedia Britannica (https://www.britannica.com). 

 

https://www.britannica.com/
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The aim of this chapter is to use MPS of forensic markers (autosomal and Y-STRs 

and the control region of the mtDNA) as described in earlier chapters to analyse 

sequences in a panel of indigenous samples from the People of the British Isles 

cohort and to provide a useful dataset of well-characterised indigenous samples for 

reference use. 

 

6.2 Materials and Methods 

6.2.1 DNA samples 

As detailed in Chapter 2, Section 2.1.2 the 362 samples analysed in this study were 

selected from the males of the People of the British Isles (PoBI) sample set (Leslie 

et al. 2015; Winney et al. 2012), which aimed to represent local ancestry (i.e. all 

four grandparents’ birthplaces fall within a 50-mile radius in rural areas), relatively 

unaffected by recent migrations. To emphasise the importance of Y chromosome 

locality, the selection was prioritised to select samples with known local paternal 

grandfathers, and where possible available typed SNP array information.  

6.2.2 Options for dividing samples 

Apart from the originally assigned 44 mostly county-based regions of the samples 

(Chapter 2, Table 2.2; Figure 6.5), other divisions of the sample set were 

considered for analysis. These were selected to increase and balance population 

size in each geographic division or to represent historical, linguistic or previously 

described genetic differentiation among regions. 
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Figure 6.5 
The locations of the 44 mostly 
county-based sampling regions 
from The British Isles. 

The map is generated using 
Microreact (Argimon et al. 2016). 

 

6.2.2.1 Thirty-seven regions 

To prevent outliers with sampling locations represented with only one or two 

samples (e.g. Bedfordshire - 1; Buckinghamshire - 2), geographically neighbouring 

counties were grouped into 37 composite regions with a minimum sample size per 

region of seven. For example, Bedfordshire, Cambridge and Essex (neighbouring 

counties in the East of England) were together represented by a total of nine 

samples (Table 6.2).  
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Table 6.2 
44 sampling regions grouped into 37 balanced composite regions. 
 

 

 

6.2.2.2 Ten large geographic, administrative regions 

The original 44 sampling regions were then assigned to ten large geographic and 

administrative regions. This designation is shown in Table 6.3 and Figure 6.6. 

The ten geographic regions are SCO: Scotland; IRE; Ireland and the Isle of Man; 

NW: North West; NE: North East; WAL: Wales, WM: West Midlands; EM: East 

Midlands; EA: East; SW: South West; SE: South East. 
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Table 6.3 
44 sampling regions assigned to ten large geographic and administrative 
regions. 
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Figure 6.6 
The ten large geographic and 
administrative regions.  

The map shows the sampled 
counties according to their 
geographic and administrative 
regions. The sizes of the circles are 
proportional to sample size. 
Abbreviations follow that of Table 
6.3. The map is generated using 
Microreact (Argimon et al. 2016). 

 

6.2.2.3 Divisions following the five main PoBI clusters 

To follow a genetic subdivision previously supported by fineSTRUCTURE analysis 

of autosomal SNP array data (Figure 6.2 and Figure 6.7) the following five main 

clusters which can be represented from this dataset were also tested: Orkney; 

Wales; Scotland, Ireland, Isle of Man, Cumbria and the North East; Cornwall; and 

the remaining areas of Central and South East England (Lancashire, Yorkshire, 

Cheshire, Derbyshire, Nottinghamshire, Lincolnshire, Staffordshire, Shropshire, 

Leicestershire, Norfolk, Warickshire, Cambridgeshire, Worcestershire, 

Northamptonshire, Suffolk, Herefordshire, Bedfordshire, Gloucestershire, Essex, 

Forest of Dean, Oxfordshire, Buckinghamshire, Berkshire, Wiltshire, Kent, 

Hampshire, Sussex, Devon and Dorset). 
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Figure 6.7 

Division by the five main autosomal 

fineSTRUCTURE-based clusters 

detected in the PoBI study. 

 

The five main differentiated clusters found 

by Leslie et al. (2015) were also tested in 

this dataset. The map is generated using 

Microreact (Argimon et al. 2016). 

 

6.2.2.4 Division following regions with Celtic languages 

A simple split of the samples following the language-based division of the Celtic 

fringe (Figure 6.8) was also tested, represented by samples from Cornwall, Wales, 

Isle of Man, Ireland and Scotland compared to the rest, which is England except 

Cornwall. 

 

 

 

 

 

 

Figure 6.8 
Division of the Celtic fringe regions from the 
rest of the British Isles.  

Cornwall, Wales, Isle of Man, Ireland and Scotland 
highlighted in green represent the areas with current 
or recent Celtic languages. The map is generated 
using Microreact (Argimon et al. 2016).  
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6.2.2.5 Division following the Danelaw region 

Another simple split of the populations was along the lines of the historically distinct 

Danelaw region (Figure 6.9) that was subject to Scandinavian administrative control 

from the 9th-11th centuries, and which might still be detectable in the current 

genetic structure. The Danelaw region was represented by samples from Cumbria, 

Lancashire, Yorkshire, Leicestershire, Lincolnshire, Nottinghamshire, Derbyshire, 

Northamptonshire, Cambridgeshire, Essex, Bedfordshire, Norfolk and Suffolk 

compared to the remaining non-Danelaw regions. 

 

 

 

 

 

 

 

 

 

Figure 6.9 

Division of the Danelaw region from the 

rest of the British Isles.  

 

The map is generated using Microreact (Argimon 

et al. 2016). 

 

6.2.2.6 Division congruent with the PoBI fineSTRUCTURE-based 

Central/South England cluster 

From the five main PoBI clusters tested in 6.2.2.3, the predominant Central/South 

England cluster (Figure 6.10) is specifically tested in comparison to the rest. This 

region is represented by samples from Cheshire, Yorkshire, Staffordshire, 

Worcestershire, Warwickshire, Leicestershire, Lincolnshire, Nottinghamshire, 

Derbyshire, Northamptonshire, Cambridgeshire, Essex, Bedfordshire, Norfolk, 

Suffolk, Gloucestershire, Wiltshire, Dorset, Berkshire, Buckinghamshire, 

Hampshire, Kent, Oxfordshire and Sussex. 
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Figure 6.10 
The PoBI autosomal Central/South England 
cluster represented in the samples. 
 
The map is generated using Microreact (Argimon et 
al. 2016). 
 

 

6.2.2.7 Division representing the East 

A mainly geographic East divide (Figure 6.11) was tested to gauge the difference 

captured along the West-East axis. This region is represented by samples from 

Banff and Buchan, North East, Yorkshire, Lincolnshire, Cambridgeshire, Essex, 

Bedfordshire, Norfolk, Suffolk, Berkshire, Buckinghamshire, Hampshire, Kent, 

Oxfordshire and Sussex. 

 
 
 
 
 
 
 
 
 
Figure 6.11 
Division of the East regions from the rest of 
the British Isles. 
 

The map is generated using Microreact (Argimon et 

al. 2016). 
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6.2.3 DNA quantitation and PCR amplification 

DNA samples were quantified as described in Chapter 2, Section 2.2.1, using the 

Qubit® dsDNA BR assay kit following the manufacturer’s recommended protocol. 

Several samples contained low quantities of DNA and therefore, for better 

accuracy, required measurements using the Qubit® dsDNA HS assay kit as well. 

Targeted STRs (namely the 22 aSTRs and 23 Y-STRs plus the Amelogenin marker 

listed in Chapter 2, Table 2.3) and the control region of the mtDNA were amplified 

from these samples in a single multiplex using the Promega PowerSeq™ 

Auto/Mito/Y System prototype reagents following the manufacturer’s recommended 

protocol, using 0.5 ng genomic DNA as template, as described in Chapter 2, 

Section 2.2.2.1. 

6.2.4 Library preparation and sequencing 

The generated amplicons were purified and quantified, then ~500 ng each were 

taken through TruSeqTM DNA PCR-free HT library preparations as detailed in 

Chapter 2, Sections 2.2.2.2 through 2.2.2.4. Sequencing of the prepared libraries 

followed the procedure described in Chapter 2, Section 2.2.4.  

6.2.5 Data processing and analyses 

The generated SE reads were exported in FASTQ format to be analysed by other 

software, including quality control (Chapter 2, Section 2.3.2). Mitochondrial reads 

were analysed for calling variants after applying OREO corrections, detecting numt 

sequences or length variants, and to generate population genetic data (Chapter 2, 

Sections 2.3.3.1 through 2.3.3.4 and Section 2.3.3.7). Analysis of autosomal and 

Y-STRs provided length and sequence information regarding the alleles and 

population genetic data (Chapter 2, Section 2.3.4). 
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6.3 Results 

6.3.1 Run statistics and coverage values 

6.3.1.1 Run statistics 

Run statistics as calculated by the MiSeq® for each run are provided in Table 6.4 

and the summary graph compares the efficiency of the runs in Figure 6.12. 

Table 6.4 
Run statistics for the sequencing runs. 
 

 
 
PF: passing filter, M: million. 

 
Figure 6.12 
Efficiency of the sequencing runs. 

Cluster density, Reads and Passing Filter reads with clusters Passing Filter % are 
plotted. The runs reached a fair consistency in output. 
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6.3.1.2 Coverage values 

 

Coverage values calculated for each marker type are provided in Table 6.5, and 

Figure 6.13a specifically shows the normalised coverage values for the mtDNA 

reads across the control region, demonstrating the characteristic non-uniform 

coverage of the single reaction multiplex reaction as detailed in Chapter 5 (compare 

to Chapter 5, Figure 5.3); Figure 6.13b and c shows the same for the STR loci in 

comparison. 

Table 6.5 
Coverage values for each marker type. 

Coverage values for the mtDNA are given for each overlapping or non-overlapping region 
of the amplicons as shown on the left hand side of the table. Coverage for Amelogenin and 
the STR loci are given as mean coverage value per locus amplified.  

 
Cont. 
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a. 

 

b. 

 

Cont. 
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c. 

 

Figure 6.13 Normalised coverage of mtDNA and STR markers sequenced. 

The boxplot above shows mean coverage for all 362 samples analysed, for each 
segment/loci, normalised to sample means. (a) the schematic representation shows the 
ten designed amplicons across the mtDNA control region, and their overlapping (grey) and 
non-overlapping (white) segments. Positions and sizes are approximately to scale. (b) 
normalised mean coverage values of sequenced Y-STR markers, (c) normalised mean 
coverage values of sequenced aSTR markers. Centre lines indicate the medians; box limits 
are the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from 
the 25th and 75th percentiles, outliers are represented by circles.   
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6.3.2 MtDNA control region population data in the UK 

6.3.2.1 Observed variants and haplotypes 

To improve the prediction of haplogroups from the CR sequence data, both EMPOP 

(Huber et al. 2018; Rock et al. 2013) and HaploGrep2 (Weissensteiner et al. 2016b) 

were used independently and compared in predictions. These two approaches 

were found to be concordant: 86% matched exactly (meaning the main and the high 

definition haplogroup designations matched), and the remaining 14% matched at 

the broader main haplogroup level, meaning that in these cases one predictor was 

slightly more specific than the other. 

To compare with independently typed data from the same dataset, 268 of these 

samples were compared to available SNP chip data from PoBI, which included 

targeted mtDNA variants, and which allowed a broad prediction of mitochondrial 

haplogroups based on SNPs across the whole mtDNA (J.Wetton personal comm., 

unpublished data). 

Variants located in the control region were compared between the MPS-based and 

SNP chip-based datasets, and 99% of the samples showed false negative calls and 

56% of the samples showed between one and eight false positive calls in the SNP 

chip-based dataset. This massive difference is likely due to the different techniques, 

as the probe-design for SNP chips is not aimed to capture all variants, and is likely 

to be especially affected in the highly variable CR, whereas sequencing is much 

better suited to capture variation. 

However, outside of the control region a SNP chip approach can be more 

successful in targeting haplogroup defining mutations, and therefore instead of 

using one-to-one variant comparisons in the CR only, the predicted haplogroups of 

the mtDNA from sequencing of the CR were compared with the SNP chip-based 

haplogroup designations from whole mtDNA (Table 6.6). Concordance using this 

method is less definitive, but overall 96% of the samples were either concordant or 

broadly correctly predicted (as an example of the latter: H compared to H27, or U 
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compared to U6). Only 4% of the compared samples showed discordant 

haplogroups (all related to predictions by SNP chip within the R superhaplogroup, 

such as different H, HV and B predictions, which were predicted by MPS(CR) to be 

within V, K, P, U and H, Table 6.6) between SNP-based and MPS-based methods. 

The discordance is likely due to the limited predictive power of using CR variants 

only; as characteristic variants in the coding region remain untested. Alternatively 

discordant results can be a systematic error in prediction tools or errors originating 

from sample handling. 

Table 6.6 
Discordant haplogroup predictions. 

The table shows the discordant haplogroup predictions from MPS targeting the CR vs 
SNP chip targeting a defined set of variants along the whole mtDNA. 

 

In the 362 analysed samples, 308 distinct mtDNA CR haplotypes were found, 

belonging to 13 main haplogroups (Figure 6.14). A summary of the main haplogroup 

frequencies for each of the ten large geographical regions is shown in Table 6.7, 

and details of haplogroup predictions for each sample are detailed in Appendix F. 

The range of haplogroups observed in the sample is typical of that observed in 

previous surveys of western Europe (Richards et al. 2000). 
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Table 6.7 
Frequencies of predicted haplogroups by MPS targeting the CR for the ten 
large geographical regions. 
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Figure 6.14 
Geographical distribution of predicted mtDNA haplogroups 
across the British Isles. 

The map is generated using Microreact (Argimon et al. 2016) and it can 
be better explored interactively at https://microreact.org/ project/jIcJm9Kgn or by 
scanning this QR code. 

https://microreact.org/project/jIcJm9Kgn
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6.3.2.2 Median-joining (MJ) networks of mtDNA CR variants 

The observed CR variants were used to build a phylogenetic MJ-network for 362 

samples. Variable positions were coded into a ‘DNA nucleotide data’ input file for 

the software Network 5.0.1.1. In the built network the circle (node) areas are 

proportional to the number of samples and the lengths of the branches represent 

the number of differences between haplotypes. The network was annotated using 

categories of geographic origin or different levels of haplogroup designations using 

Network Publisher 2.1.2.5 commercial software. The mtDNA CR variants of 362 

samples in a network show no obvious stratification relating to geographic origin 

(Figure 6.15a), but correlate well with the predicted main haplogroups (Figure 

6.15b) and the more resolved haplogroup designations (Figure 6.15c).  
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a. 

 

Cont. 
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b. 

 

Cont. 
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c. 

 

Figure 6.15 
Median-joining network of samples with mtDNA CR variants. 

(a) is coloured by geographic regions, (b) is coloured by main haplogroups, and 
(c) is coloured by finer haplogroup levels.  
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6.3.2.3 Testing population differentiation using mtDNA CR variants 

The observed CR variants were used to test population differentiation in the 362 

samples. Variable positions were input to the Arlequin v 3.5.2.2 software (Excoffier 

and Lischer 2010), and summary statistics were generated including molecular 

diversity indices, F-statistics for population comparisons and differentiation (Table 

6.8). The different population divisions tested are detailed in Section 6.2.2. 

Table 6.8 
MtDNA CR variants molecular statistics, Analysis of MOlecular VAriance 
(AMOVA) statistics and pairwise FST values. 

Table (a) shows the molecular statistics and (b) shows the AMOVA values using pairwise 
FST values for each division. (c) and (d) shows the pairwise FST and haplotype diversity 
matrices per multi-component divisions.  

 
 

Cont. 
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For the mtDNA CR variants none of the applied divisions showed significant 

differentiation within the whole PoBI dataset, including the pairwise FST and 

haplotype diversity matrix for the 37 population division which is supplied as 

Appendix G. The mtDNA CR data from 362 samples suggests a high degree of 

homogeneity, and no stratification across the British Isles.   
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6.3.3 Y-STR sequence variation population data in the UK 

6.3.3.1 Observed variants and haplotypes 

Y-STR alleles were called as detailed in Chapter 2, Section 2.3.4. A total of 8334 

alleles were analysed in 362 samples. For calculations at the DYS385a,b loci the 

presence of two alleles was assumed for each homoallelic combination. The length-

based frequencies are summarised in Table 6.9. Despite the wide range of alleles 

sequenced in Chapter 3, there were 49 alleles in this population set which were not 

observed in the global dataset (Appendix F), sixteen of these are singletons, the 

result of SNPs in the flanking regions or internal to the arrays, which is a type of 

variant one might expect to encounter occasionally regardless how thoroughly 

sampled the populations are. Nine of these alleles displayed allele lengths at the 

periphery of the previously observed allele size ranges; similarly, such alleles are 

usually rare and only captured when large numbers of individuals are sampled. 

The called variants included eight supernumerary alleles at six loci (Table 6.10). An 

example of the distribution of observed sequence alleles is shown per geographic 

region in Table 6.11. Complete tables listing all loci, the visualisation of variation 

and the sequence strings are provided in Appendix F. The increase in allele 

diversity achieved by MPS compared to CE is shown in Figure 6.16. 

The desktop version of the Y-STR-based NevGen Y-DNA Haplogroup Predictor 

software (Gentula and Nevski, Serbian DNA Project, 2015, available at: 

https://www.nevgen.org/) was used to predict haplogroups from the 362 samples. 

To compare with independently typed data from the same dataset, 267 of these 

samples were compared to available SNP chip data targeting Y-chromosomal 

variants, which allowed precise haplogroup designations (J.Wetton personal 

comm., unpublished data). Predictions were completely concordant; however, less 

than 3% of the samples, all from hg I1, were predicted as I1, but with low 

probabilities given by the predictor; however, these still matched the SNP-based 

predictions. This is likely a result of certain hg I1 sub-lineages deviating significantly 

from the main cluster of I1 haplotypes in the NevGen predictor’s comparative 

https://www.nevgen.org/
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database, making predictions for these uncertain. Altogether, 360 distinct Y-STR 

haplotypes were found in the 362 analysed samples, belonging to 10 major 

predicted haplogroups (Table 6.12 and Figure 6.17). Two sample pairs shared 

variants of both length and sequence. 
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Table 6.9 
Length-based Y-STR allele frequencies from 362 samples. 
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Table 6.10 
Y-STR allele duplications observed in 8 samples. 

 

 

Table 6.11 
Example of Y-STR sequence allele variants for the ten large geographical 
regions. 
 
The complete table listing all loci is in Appendix F 
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Figure 6.16 
Increase in allele diversity of Y-STRs in 362 samples analysed by MPS.  



227 
 

Table 6.12 
Frequencies of predicted Y-haplogroups by MPS for the ten large 
geographical regions. 
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Figure 6.17 
Geographical distribution of predicted Y-chromosomal 
haplogroups across the British Isles. 

The map is generated using Microreact (Argimon et al. 2016) and it can be 
better explored interactively at https://microreact.org/project/jIcJm9Kgn or by 
scanning this QR code. 

https://microreact.org/project/jIcJm9Kgn
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6.3.3.2 Median-joining (MJ) networks of Y-STR variants 

The observed Y-STR allele variants were used to build a MJ-network for 362 

samples. Length-based alleles were coded into a ‘STR data’ input file for the 

software Network 5.0.1.1. Sequence-based alleles were coded into ‘combined data’ 

files of STR and binary data. Networks addressing only the sequence variation of 

these alleles regardless of the length background were coded into ‘binary data’ 

input files. In the built network the circle (node) areas are proportional to the number 

of samples and the lengths of the branches represent the number of differences 

between haplotypes. The network was annotated using categories of geographic 

origin or different levels of predicted haplogroup designations using Network 

Publisher 2.1.2.5 commercial software.  

The Y-STR length-based variants of 362 samples in a network show no obvious 

stratification relating to the ten large geographic regions (Figure 6.18a), but 

correlate well with the predicted main haplogroups (Figure 6.18b) and similarly 

explain well the more resolved haplogroup designations (Figure 6.18c). The 

resolution of I1 and I2 lineages is not perfect by length and haplogroup E1b is 

associated with multiple clusters, which is in line with the large diversity observed 

within this haplogroup, but most major clusters are already well separated on the 

basis of length.  
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a. 

 

 
 

Cont.



231 
 

b. 

 

 
Cont. 
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c. 

 

 

Figure 6.18 
Median-joining network of samples with Y-STR length variants. 

(a) is coloured by geographic regions, (b) is coloured by main haplogroups, and 
(c) is coloured by more highly resolved haplogroup levels. 
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When sequenced, Y-STR alleles can show a new layer of variation at the array 

level, repeat pattern variation (RPV), which involves changes in the number of 

repeat units in the different components of a compound array. These variations are 

driven by a similar, but slightly slower rate of mutation as the length of individual 

components is shorter than the full array. The effect of the inclusion of these RPVs 

as variants on a network of these 362 samples is shown in Figure 6.19. Again, there 

is no obvious stratification relating to the ten large geographic regions (Figure 

6.19a), but the clusters correlate well with the predicted main haplogroups (Figure 

6.19b) and even better with the more resolved haplogroup designations (Figure 

6.19c). With the addition of these RPV variants to the network the haplogroups R1a 

and R1b became more differentiated from the rest of the network and from each 

other; R1b particularly shows a slightly more reticulated structure than the length-

based cluster. E1b haplotypes show better coherence, clustering nearer to each 

other when using sequence to analyse the phylogeny. The I1-I2 relationship gets 

more deeply nested: I1 separates more clearly from the different subclades of I2 by 

taking a more central position, however I2 subclades that are discernible via 

prediction do not seem to fully correlate to the subclades in the network. 
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a. 

 

 
Cont. 
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b. 

 

 
Cont. 
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c. 

 

 

Figure 6.19 
Median-joining network of samples with Y-STR sequence array variants. 

(a) is coloured by geographic regions, (b) is coloured by main haplogroups, and 
(c) is coloured by more highly resolved haplogroup levels. 
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The Y-STR alleles can be further resolved by taking SNPs and indels into 

consideration; many of these occur in the flanking region outside the array itself. 

These complete sequence-based alleles were used to build a further network of the 

362 samples. Similarly, this resolution level still does not show any obvious 

stratification relating to the ten large geographic regions (Figure 6.20a), but 

correlates well with the predicted main haplogroups (Figure 6.20b) and explains 

even better the more resolved haplogroup designations (Figure 6.20c).  

With all the sequence information incorporated into the network, the resolution of 

the main haplogroups is better than with array sequence, or just length-based 

information. Clearly the lower mutation rate of SNPs/indels can draw out structures 

that were not as obvious before, in particular the J2 haplogroup is clearly divided to 

J2a and J2b, whilst I1 only minimally disrupts the I2 branches, which are the best 

resolved at this level. E1b remains a largely coherent cluster further away from the 

rest, and R1a appears as an offshoot cluster from R1b, rather than connecting to 

the rest of the network. Interestingly within R1b the opening reticulation seen at the 

previous level is more expanded into an almost ring-like structure.  
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b. 

 

 
Cont. 
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c. 

 

 

Figure 6.20 
Median-joining network of samples with Y-STR sequence array, SNP and 
indel variants in the flanking region. 

(a) is coloured by geographic regions, (b) is coloured by main haplogroups, and (c) 
is coloured by more highly resolved haplogroup levels. 
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The NevGen predictor has limited power in predicting haplogroup sub-structure 

within R1a and R1b with just 23 Y-STRs. To supplement the network, prior sub-

haplogroup data from SNP chips (J.Wetton personal comm., unpublished data) was 

used for R1b, and SNaPshot data from an R1a1-specific study (Lall et al., 

manuscript in review) was used to sub-classify hg R1a1. Not all samples in this 

study had these additional data, but where available, these finer classifications were 

used to reannotate the network for the R1a and R1b clusters (Figure 6.21).  
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Figure 6.21 
Truncated version of the median-joining network focussing on R1a and R1b 
clusters. 

This truncated version of Figure 6.20 displays a finer resolution of haplogroups R1a and 
R1b.  

 

Annotation of the network by these finer sub-haplogroups showed a possible 

structure within the R1b cluster at this level. The R1b1a2a1a1a lineage and its 

derivatives (~purple shades) which fall within the R1b-U106 lineage cluster more at 

the two opposite sides of the R1b-ring (5-7 and 11-1 o’clock positions) whilst the 

R1b1a2a1a1b lineage and its derivatives (~red/magenta shades) within the R1b-

S116 lineage tend to cluster at the 10-2 o’clock positions of the R1b ring-cluster 

except for one lineage (R1b1a2a1a1b3) which seems to be uniformly represented 

along the R1b-ring. These two specific recently-diverged lineages are known to 
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have opposite frequencies across the UK (Rocca et al. 2012; Valverde et al. 2016); 

however, there seems to be no clear separation in the network space between 

these, nor in their allele ranges, or allele sequences.  

 

To better understand the effect of sequence variants, a network using only Y-STR 

sequence features, flanking SNPs and indels was built and annotated to show the 

characteristic variants that are tied to certain haplogroups (Figure 6.22). The most 

interesting is a nested association structure: P superhaplogroup samples carry the 

insertion of two times two extra repeat units in their DYS635 alleles; within that, R1a 

samples have a characteristic DYS393 structure where the first nucleotide of the 

first repeat is changed from A to C; furthermore, as a third layer, a sublineage of 

R1a (R1a-GML2 or ~R1a1a1a) has a DYS390 structure including a last repeat 

change from TAGA to GAGA. Similarly, a SNP harboured in the last repeat of 

DYS458 is characteristic of J2a Y-chromosomes. However, there are sequence 

features that can arise multiple times, due to the repetitive structure of the STRs; 

for example, the initial CTG-repeat of DYS481 can expand to (CTG[2]), which is 

characteristic of all G2a lineages tested here, but also occurred in I2 haplotypes. 

These Y-haplogroup associated sequence variants were also observed in the same 

major haplogroups in the global sample set described in Chapter 3. By sequencing 

further Y-STRs, more specific associations with the phylogeny can be discovered, 

or singleton observations in small studies such as this, can be shown to be 

indicative of certain more derived lineages. 
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6.3.3.3 Testing population differentiation using Y-STR variants 

The observed Y-STR length and sequence variants were used to test population 

differentiation in the 362 samples. Variable length alleles and sequence features 

were input to the Arlequin v 3.5.2.2 software (Excoffier and Lischer 2010) and 

summary statistics were generated including molecular diversity indices, F-

statistics for population comparisons and differentiation (Table 6.13). The various 

population divisions tested are detailed in Section 6.2.2. Analysing sequence data 

strengthens the difference between tested populations, and for the ten geographic 

regions even reaches significance; otherwise, significantly different comparisons 

are the divisions based on the area of Celtic-language family, the Central/ South 

East cluster of the PoBI study and the East region of Britain. The historically distinct 

Danelaw region did not show significant differentiation either by Y-STR length or by 

complete sequence data. 

Table 6.13 
Y-STR length and sequence variants compared using Analysis of MOlecular 
VAriance (AMOVA) statistics and pairwise RST values.  

Table (a) shows the AMOVA statistics, significant values are in bold, (b) shows the pairwise 
RST and haplotype diversity matrices per multi-component division. The pairwise RST and 
haplotype diversity matrix for the 37 population divisions is supplied as Appendix G. 

a. 

 

Cont. 
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In contrast to the mtDNA data which showed no stratification across Britain, the 

distribution of Y-STR haplotypes revealed a substructuring of male lineages 

reflecting a general East-West difference. 

These underlying genetic structures can be visualised by using the pairwise RST 

values of populations and generating Multidimensional Scaling plots, thus 

representing the genetic distances between these populations. MDS plots were 

generated for different divisions, Figure 6.23, Figure 6.24 and Figure 6.25 show 

MDS plots by various divisions with both length-based (a) and sequence-based (b) 

Y-STR data.  
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Figure 6.23 
Multidimensional Scaling (MDS) plots of pairwise RST values using Y-STR 
length/sequence allele variants, by ten regions.  

These plots map the ten geographic regions. (a) used length-based and (b) used 
sequence-based Y-STR data. 
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Figure 6.24 
Multidimensional Scaling (MDS) plots of pairwise RST values using Y-STR 
length/sequence allele variants, by 37 populations.  

These plots map the 37 populations coloured by the ten geographic regions. (a) used 
length-based and (b) used sequence-based Y-STR data.  
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Figure 6.25 
Multidimensional Scaling (MDS) plots of pairwise RST values using Y-STR 
length/sequence allele variants, by language and historical regions.  

These plots map the 37 populations coloured by the Celtic language family and the 
historically Danelaw regions. (a) used length-based and (b) used sequence-based Y-STR 
data. (a) also shows a simple three component, zero stress MDS plot of the direct 
relationship of the three clusters. 
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Figure 6.26 
Principal Component Analysis (PCA) results plotted using Y-STR 
length/sequence allele variants, coloured by Y haplogroups.  

PCA plots map all 362 samples using their (a) length-based or (b) sequence-based Y-STR 
data.  
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a. 

 

Cont. 

  



255 
 

b. 

 

Figure 6.27 
Quality of representation of PCA variables in length- and sequence-based 
analyses. 

(a) shows these for the main two components of variation for length-based data and (b) for 
sequence-based data. The higher cos2 values the more represented the variables in the 
given components. 
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There are many ways to interrogate this Y-STR-based dataset and to ask how well 

it represents male population structure. MDS plots showed the expected outliers of 

Wales and Scotland; however, it also revealed that there is a component which 

affects the eastern regions, NE, SE, EA, as they tend to cluster away from the 

central regions. When this was further resolved to 37 populations, others, like 

Cornwall, were placed distantly and most of the sampling regions of Scotland and 

Wales were segregated from the central mass. These are all somewhat visible from 

the plots purely from the length-basis, but all are more marked when looking at 

sequence-derived data. Interestingly the sampling regions of the East of Britain 

again showed a differentiation from the main centre, and this substantiated the tests 

for the division referred to here as the East region. Divisions including the presence 

of the Celtic languages and the historical Scandinavian administrative region of the 

Danelaw are displayed together in Figure 6.25. At both length and sequence level 

the Celtic division is more differentiated from the rest, while the Danelaw cannot be 

distinguished; this confirms the results of the F-statistics. In Appendix G further 

Principal Component Analysis (PCA) plots test the dual divides by both length and 

sequence, and are all in line with the same conclusions. Differentiation is significant 

in the areas with a Celtic language presence, in the Central/Southeast England 

cluster of the PoBI study, and in the geographic East division, but not in the area of 

the historical Danelaw. 

PCAs (Figure 6.26) show that the clustering of the 362 Y-STR haplotypes (either 

length or sequence) correlates well with both the known and predicted haplogroups. 

Furthermore, it is clear that sequence information of Y-STRs further resolves these 

haplogroup clusters. Analysing the main components and the haplogroup 

distributions on the plot, it becomes clear that PC1 of variation correlates with hg 

R1b. When sequence information is introduced this is more pronounced, and further 

draws out hg R1a from the main mass of R1b. Oppositely placed are the hgs I1 and 

I2, J2 and G2a, while hg E1b again shows its variability by encompassing large 

central areas of the graph, and only showing more of a coherent distribution with 

the inclusion of the sequence data. These observations confirm the previous MJ 

network results. The breakdown of the PCA metrics, cos2 (Figure 6.27), the quality 
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of representation of the variables that are transformed into principal components 

are also helpful to confirm where the main differences lie. It shows, both by length 

or sequence that the most represented variables in the main component which 

accounts for 32.8% of the variation, are the loci DYS635, DYS392, DYS438. From 

just DYS635 alone it is clear how this relates to R1b, as in Section 6.3.3.2., where 

it was shown that DYS635 contains a structural change within the repeat array that 

is specific to superhaplogroup P, within which R1 lineages are nested. The second 

main component from the graph alone suggests it is tied to hg R1a, especially on 

the sequenced data plot, where the characteristic sequence variant in DYS393 for 

hg R1a samples correlates with the R1a cluster itself. Hgs G2a and I1 share space 

on the plot by length, but by sequence they are completely resolved, which is due 

to the DYS481 sequence variant present in the G2a samples, which was also 

previously discussed. 

In summary, MJ networks, MDS and PCA plots represent distinct but broadly 

consistent ways to confirm sequence variant associations to haplogroups.  
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6.3.3.4 Summary of Y-STR forensic statistics 

 

Y-STR related haploid statistics (Table 6.14) were provided by the browser-based 

application STRAF 1.0.5 (Gouy and Zieger 2017). DYS385a,b was omitted from 

the dataset. 

 

Table 6.14 
Standard Y-STR loci forensic parameters. 
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6.3.4 Population data of aSTR sequence variation in the UK 

6.3.4.1 Observed variants 

 

In total, 14,571 distinct aSTR allele calls were observed in this set of 361 samples. 

Observed allele frequencies by length are given for the 22 STR loci in Table 6.15. 

Allele frequencies for the sequenced alleles are given in Table 6.16. For each 

corresponding allele the STRSeq (Gettings et al. 2017) identifier is listed. Allele 

frequency tables for each of the ten geographical regions are given in Appendix F. 

Amelogenin was also sequenced and there were no abnomal calls and no indication 

of sex-chromosomal aneuploidies. However, a SNP was observed in AmelX in one 

individual; this SNP (rs188865418) has been described previously. 

A total of 435 different sequence-based aSTR alleles were identified in this sample 

set across 22 STRs. Of these 32 have not yet been catalogued in the STRSeq 

database; fourteen include flanking variants, four carry indels, and 14 are 

combinations of repeat blocks not yet entered by others into the STR allele 

catalogue. There are four of these off-catalogue alleles which overlap between the 

British Isles and the global sample set described in Chapter 4. No duplications or 

null alleles were detected. No discrepancies were found between the two softwares 

used for genotyping (FDSTools and STRait Razor 3.0). The sample set contained 

overall 277 pairs of isometric heterozygotes, discrimination of which improved the 

overall observed heterozygosity from length-based 80.84% to sequence-based 

84.18%: 17.4% of the length homozygotes are heterozygous by sequence. With 

sequencing allele diversity improves (with an overall 87.5%) compared to length-

based designations, with only two loci that did not improve in resolution when 

sequenced (D22S1045 and PentaE). In this sample set, eight samples are also 

shared with the 1000 Genomes Project. In the detected alleles 40 calls of 11 

different aSTR flanking region SNPs were identified, and all of them were found to 

be concordant with the 1000 Genomes Project sequence data. A summary table of 

these SNPs, their alleles and genotypes is provided in Appendix F.  
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Table 6.15  
Length-based aSTR allele frequencies from 361 samples. 
 

 
Cont. 
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Table 6.16 
Sequence-based aSTR allele frequencies from 361 samples. 
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6.3.4.2 Testing population differentiation using aSTR variants 

The observed aSTR length and sequence variants were used to test population 

differentiation in the 361 samples. Variable length alleles and sequence features 

were input to the Arlequin v 3.5.2.2 software (Excoffier and Lischer 2010) and 

summary statistics were generated including molecular diversity indices, F-

statistics for population comparisons and differentiation (Table 6.17). The different 

population divisions tested are detailed in Section 6.2.2.  

Table 6.17 
AMOVA statistics and pairwise RST values for aSTR variants. 
 
Table (a) shows the AMOVA statistics, and some basic statistics, significant values are in 
bold (b) shows the pairwise RST and gene diversity matrices per multi-component division. 
The pairwise RST and gene diversity matrix for the 37 population divisions is supplied as 
Appendix G. 
 
 

 
 

Cont. 
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In spite of the Y-STR markers showing substructure within the population at both 

length and sequence levels, the autosomal STR data in the analyzed samples do 

not show any stratification across the British Isles at length levels, whether it is 

tested in a history-based, geography- or language-based divide. Similarly to 

mtDNA, no differentiation is detectable in these markers within the British Isles. 
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6.3.4.3 Summary of aSTR forensic statistics 

aSTR-related statistics (Table 6.18) were provided using the browser-based 

application STRAF 1.0.5 (Gouy and Zieger 2017). 

Table 6.18 
Standard aSTR forensic parameters. 
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6.4 Discussion 

This chapter extended the work presented in previous chapters on a selected global 

sample, by focusing on a larger and well-defined sample from one location, the 

British Isles. In doing this, as expected, increased sequence-based diversity was 

observed at STRs compared to length-based diversity. Also as expected, the 

observed range of STR alleles and mtDNA CR sequences was less broad than in 

the smaller global panel. However, the experimental design in this chapter allowed 

the tools of population genetics to be applied to address population structure via 

sequence-based analysis of forensic markers. 

The People of the British Isles cohort presents a unique opportunity to study the 

indigenous population of a country otherwise much affected by past and recent 

migration from other nations, in Europe and beyond. The sampling strategy of the 

study allowed the selection of donors with ancestries tied to the same rural areas 

for the last two generations, by limiting the distance within which each donor’s 

grandparents were born to a 50 mile / 80 km radius (Winney et al. 2012).The 

majority of the sample donors were over 60 years of age, and thus with two 

generations back the study randomly sampled the genomes of ancestors who were 

born on average in the late nineteenth century. From the complete sample 

collection of 2039 individuals, here a subset of 362 males was selected and their 

forensic markers sequenced, including 23 Y-STRs, 22 aSTRs, the mtDNA control 

region and the Amelogenin sex-test marker. 

Mitochondrial DNA control region sequencing showed a diverse set of haplotypes, 

distributed among thirteen major mtDNA haplogroups, but these variants did not 

show geographical stratification in Britain. The lack of maternal lineage 

differentiation is consistent with the broader-scale pattern seen in indigenous 

populations across Western Europe (Richards et al. 2000). It fits a widely accepted 

picture in which patrilocality (the tendency of women to move to a husband’s place 

of birth on marriage) is predicted to have a homogenising effect on mtDNA 

landscapes (Wilkins and Marlowe 2006). 
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Autosomal STR markers were also interrogated to assess population substructure; 

however, aSTR genotype data also failed to reveal any geographical differentiation 

in their variants, and showed no differences over historically relevant geographical 

and linguistic divisions. These markers were originally chosen and developed for 

individual identification: their high variability arises thanks to high mutation rates, 

and FST considering multi-locus genotypes is expected to be low. At inter-

continental scales such aSTR genotypes do reveal some differentiation, allowing a 

noisy ancestry-informative signal to emerge, but within continents population 

structure is weak or negligible (Phillips et al. 2011). It is therefore unsurprising that 

no discernible geographical structuring is observed here, at the even smaller 

geographical scale of the British Isles. 

In contrast to the maternal and biparental picture, however, the distribution of Y-

STR haplotypes revealed a clear substructuring of male lineages reflecting a 

general East-West differentiation. The most obvious candidate as a historical cause 

for this is the mass migration of Anglo-Saxons around 500 CE; this event is 

generally believed to be responsible for the linguistic divide between English 

(Germanic) and Celtic languages, and indeed when this linguistically-based division 

is tested it reveals the same Y-based differentiation. Likewise, the autosomally-

defined Central/Southeast England cluster, as identified by the PoBI study, also 

shows a Y-chromosomal difference. The interpretation by Leslie et al. (2015) of the 

autosomal major cluster was also based around Anglo-Saxon migration. Previous 

studies, in particular that of (Weale et al. 2002), have observed East-West 

differentiation in Y lineages and proposed the Anglo-Saxon influence as an 

explanation. However, although the current study provides strong evidence of the 

differentiation and gives some detail on its distribution, it cannot provide any 

timescale for the events underlying the observed pattern. The best way to date the 

differentiation would be the haplotyping of samples from ancient DNA in suitable 

well-dated burial sites, if these can be found. It is also important to consider more 

general factors, for example the distance to mainland Europe, that could also set a 

Northwest-Southeast gradient from where a genetically more diverse or different 

genetic contribution may have been continuously incorporated into the genomes of 
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Britons. Explicit modelling approaches, such as Approximate Bayesian 

Computation (Beaumont et al. 2002), could be used to differentiate between such 

different explanations.  

The sequence analysis of Y-STRs not only increased the number of discernible 

alleles, thereby improving the forensic applicability of these markers, but also 

unveiled associations of several of these Y-STR sequence features including 

unique repeat patterns, SNPs and indels, to Y-chromosome haplogroups. This 

further demonstrates the versatility of these markers, as used by the forensic 

geneticist and genealogist communities. 

6.4.1 Highlights and conclusions 

The most commonly used forensic markers, the autosomal and Y-STRs and the 

mtDNA control region were sequenced and population data was generated from a 

set of 362 male samples from the People of the British Isles cohort, representative 

of the indigenous people of Britain.  

Sequencing increased the allele diversity of STR alleles and revealed associations 

between the underlying sequence variants of Y-STRs and the Y-phylogeny.  

Population genetic methods found that Y-STRs show a clear stratification of the 

male lineages, representing an East-West differentiation that could be associated 

with the Anglo-Saxon mass migrations around 500 CE. 

  



280 
 

CHAPTER 7: Discussion and future directions 

7.1 MPS technology in forensic DNA analysis  

With the introduction of massively parallel sequencing, the analysis of forensic 

STRs has benefited from the potential to describe allelic variants not just by their 

lengths, but also by their internal array or flanking region variants. The advantages 

of implementing MPS in the forensic workflow are the increase in allelic diversity, 

the increase in heterozygosity and the improved resolution of isoalleles (alleles with 

the same lengths, but different sequences). These advantages can benefit complex 

mixture deconvolution, and generate more information from a given sample. 

Implementation of MPS; however, requires investment in new technology platforms, 

laboratory procedures, analysis and building expertise in interpretation, as well as 

the generation of new reference databases. These require substantial change 

compared to the standard CE-based methods, although basic interpretation 

concepts (e.g. relative fluorescence vs coverage) are still transferable, and MPS-

based profiles are back-compatible with CE profiles. With any newly implemented 

area comes the necessity of a unified nomenclature, which at the moment, is still a 

collaborative work in progress, but is required to prevent the subjective description 

of alleles that could lead to potential errors of interpretation. 

7.2 Summary of the results 

In Chapter 3 of this thesis (Huszar et al. 2018) Y-STRs were analysed using MPS 

in a diverse set of samples based on a known phylogeny of Y chromosomes in 

order to capture a wide variety of Y-STR sequences, and place these in an 

evolutionary context. This resulted in an increase in allele diversity across 19 of the 

typed 23 Y-STRs, which mostly resulted from intra-array structural variation and to 

a lesser extent from flanking region variants. The phylogenetically-framed approach 

resulted in a wider range of allelic variants at the sequence level than is likely to be 

found in a population-based approach of comparable sample size, and identified 60  
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alleles (of which at the time of writing 58 are still not catalogued) not described 

elsewhere. The variants resulting from SNPs, indels and RPVs showed different 

occurrence patterns within the phylogeny: SNPs and indels, with their lower 

mutation rates, were mostly monophyletic, while RPVs showed examples of 

polyphyletic patterns across the Y-phylogeny sampled here. As a result of 

describing a wider range of repeat-region sequence variants, suggestions to the 

current nomenclature were made which could be used to unambiguously express 

sequenced alleles. 

In Chapter 4, autosomal STRs were analysed in the same samples using MPS. 

Compared to length variation, this analysis resulted in an increase in allele diversity 

across 21 of the 22 typed aSTRs, which mostly resulted from structural variation 

within repeat arrays; although some loci only presented flanking region variants. 

Sequence analysis resolved 4.5% of all genotypes as isometric heterozygotes: 

homozygous by length, but heterozygous by sequence. Most of these pairs were 

observed in loci with relatively narrow length-based allele ranges combined with 

several sequence-based variants per length class. The Y-chromosomal diversity-

driven sample selection, because of the associated high ethnic diversity, also 

resulted in a wide range of sequence variants at the autosomal STR loci, and 

identified 48 alleles not previously described in the STRSeq sequence allele 

database. 

In Chapter 5 (Huszar et al. 2019), mtDNA control region diversity was analysed 

using MPS in the same samples, showing how mtDNA variant typing behaved 

within the same workflow. The typing of a panel of highly diverse global samples 

led to correspondingly high phylogenetic diversity. The work here demonstrates that 

the MPS approach can provide a robust tool for the analysis of mtDNA control 

region variation. In this process the effects of single-reaction tiled multiplex typing 

were considered, and different kit designs were compared for reliability of variant 

calling and the assessment of heteroplasmy. A key finding was that reference 

sequence bias, if not properly accounted for, can lead to misleading results on 

variant calling and heteroplasmy assessment. To mitigate this problem, a 
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bioinformatic method, OREO, was developed to decrease the effects of non-

uniform coverage and reference sequence bias in overlapping amplicon 

sequencing studies. 

 

In Chapter 6, the described MPS methods were used to analyse sequences for 

forensic markers in a set of samples from indigenous males from the British Isles. 

Sequence data were generated for Y-STRs, autosomal STRs and the mtDNA 

control region in a panel of 362 samples from the People of the British Isles cohort. 

The sequenced STR alleles were catalogued and compared to known variant 

alleles. Population genetic methods were used to compare the geographical 

distributions of Y, autosomal and mitochondrial diversity within the British Isles, and 

to observe any effects of sex-biased historical processes. The key finding was that 

population structure for autosomal and mtDNA sequences is negligible, but Y-

chromosomal structure is marked, and can be described by a east-west 

differentiation that could be a reflection of male-mediated Anglo-Saxon mass 

migration around 500 CE, and correlates with the Celtic vs Germanic linguistic 

divide between the Atlantic fringe compared to the majority of Central, Easter 

Southern Britain. Formal testing of this interpretation will rely on modelling 

approaches and generation of a catalogue of appropriate ancient DNA evidence 

from well-dated sources. The generated data from these well-characterised 

samples will provide a valuable forensic reference dataset for the indigenous people 

of the British Isles. 

7.3 Considerations relating to MPS and future 

directions 

7.3.1 Concordance between CE and MPS 

As MPS is set to play a part in future forensic toolkits, it was necessary to compare 

its compatibility with data generated by standard CE-based STR typing. 

Discordance between different CE typing kits exists (Drabek et al. 2004; Hill et al. 
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2007), as a result of different primers targeting the same marker loci, and therefore 

it was expected there would be similar occasional discordances between CE- and 

MPS-typed alleles as well. Reported discordances are mainly due to one or other 

method encompassing flanking region variants, primarily indels that affect the 

fragment size, and hence the length-based allelic designation, which, depending on 

primer positions can result in discordant typing between CE to MPS or MPS to MPS 

kits. To consider the presence of such features, genomic coordinates must be given 

when reporting MPS alleles, to help identify the potential sources of any such 

discordances. The presence of variants in the primer-binding regions can affect 

amplification success, as is the case for CE; however, considering the cost 

implications in a sequenced analysis, suppliers implement reasonable preventative 

approaches (e.g. the use of degenerate primers) to account for common variants. 

Rare variants, however, can decrease amplification success and may even result 

in a missing ‘null’ allele. The frequency of such variants can be population specific, 

and therefore suppliers should consider a wider range of variation beyond the 

standard forensic cohorts (e.g. in the US, Caucasians, African-Americans, 

Hispanics). These can include other well studied ethnic groups, but analysis can 

still be affected by variants in less represented populations. In the UK, several 

ethnic groups are present in significant proportions, therefore their genetic 

diversities and structures need to be considered and the variants described in a 

similar fashion to that of the indigenous population targeted by this study. One study 

that has addressed this already is that of Devesse et al. (2018), which used the 

ForenSeqTM DNA Signature Prep Kit to study White British and British Chinese 

populations of the UK. 

7.3.2 Nomenclature adjustments to MPS 

For MPS to be implemented fully it needs to use a unified nomenclature for 

reporting and for international exchange and comparison of sequence-based 

genetic information. Several different approaches exist and work is in progress to 

use a system of related nomenclatures that can satisfy the different needs of 

stakeholders (Gettings et al. 2019). 



284 
 

The basic, unambiguous level of sequence data exchange is the sequence string; 

however, this is cumbersome, lengthy and non-intuitive for human perception. For 

compatibility to existing databasing software (i.e. CODIS) a nomenclature is 

preferred that is short and code-like for efficient storage and query by automated 

comparison algorithms, e.g. the ‘sequence identifier’ (SID) approach (Young et al. 

2019). For software used in analysis, such as mixture deconvolution or probabilistic 

genotyping, a similar shorthand version of nomenclature is ideal, being informative 

about allele structure, but compatible with the existing software, e.g. the ‘longest 

uninterrupted stretch’ (LUS) approach (Just and Irwin 2018). There is a need to 

consider regional legislative restrictions over the reportable regions, and to provide 

flexibility to include or exclude flanking region variants, while preserving 

comparability of the STR sequences. 

7.3.3 Advantages and disadvantages of MPS over CE 

Summarised simply, MPS is generating more information, from less input, across 

more marker types, to potentially greater detail and resolution. The cost of analysis 

has become affordable with this technology for complex serious crime 

investigations, and considering the wealth of information it can produce due to its 

high throughput, massively parallel approach it is becoming a viable supplement or, 

some day, maybe even replacement for CE-based forensic DNA typing. With the 

use of MPS, more information is extracted: isometric heterozygotes can be 

distinguished, detection thresholds can be lowered (with a sufficiently high 

coverage) to provide more resolution for minor component detection, mixture 

deconvolution or lower level heteroplasmy detection. Also, detection, identification 

and quantitation of numts and other artefacts is feasible. 

 

Profiles can be amplified from degraded samples with higher success rates from 

shorter STR amplicons, or from iiSNPs, and furthermore phenotypic and ancestry 

informative markers can also be included, as well as indels and microhaplotypes. 

Lineage markers can also benefit from the use of MPS - Y-SNPs, Y-STRs or the 
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control region or entire mtDNA can be more efficiently typed, benefitting from the 

massively parallel approach. 

 

The current difficulty with MPS is that it is costly to implement as a new technology, 

and to adopt the different laboratory workflow and analysis procedures requires a 

different skill set and a good bioinformatic understanding of the processes to 

analyse the data at the moment, but this should ease with the appearance of more 

user-friendly commercial software solutions. A significant issue is the requirement 

for secure storage of very large amounts of sensitive genetic data, and this will need 

to be part of the restructuring brought about by the introduction of MPS into forensic 

workflows. 

7.3.4 Future directions for MPS and beyond 

As of now, the first milestone of using MPS to secure a conviction in a criminal case 

has been passed in the Netherlands. Also, the FBI approved the use of several 

MPS kits during 2019 (FBI 2019) the French police have been using automated 

MPS routinely (Laurent et al. 2017) for typing reference and casework samples for 

over a year now, and it is expected that MPS will gain more weight worldwide in 

investigations, from intelligence to casework applications. 

 

Commercial suppliers are offering more kits with combinations of different marker 

types. This modular approach and scalability is the most suitable for future 

applications, allowing flexibility. The inclusion of predictive phenotypic and ancestry 

informative SNP markers, for example in the ForenSeq™ DNA Signature Prep Kit 

primer set B, opens the way to include probabilistic typing of these markers. Data 

analysis is still a bottle-neck for many who wish to adopt MPS, and therefore in the 

future software solutions with clearly auditable analysis steps and modifications will 

be required. These will help, with lowered cost and more user-friendly analysis, to 

make MPS more widespread, rather than a specialised service. Although this may 

be the ultimate goal, it seems unlikely that MPS will supplant CE for a long time, 

given how well established it is. 
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MPS could also be used to compare or validate outputs from the emerging field of 

consumer genomics in the future. The use of direct-to-customer (DTC) companies 

offering genome-wide SNP testing for genealogical purposes engages citizen 

scientists (Jobling et al. 2016), and has inadvertently helped to provide investigative 

leads for criminal investigations of cold cases and missing persons in the US within 

the last two years (Greytak et al. 2019). The use of forensic genetic genealogy from 

DTC tests and databases was first publicised in early 2018 by the arrest of Joseph 

DeAngelo, the alleged Golden State Killer (GSK). With quick succession many 

similar cases have arisen in the US and companies (Parabon Nanolabs, Bode 

Technology, Othram) and a non-profit organisation (DNA Doe Project) now offer 

this type of investigative leads to police forces. There are several questionable 

aspects of these new developments. As the scientific method has not yet been 

appropriately tested, validated or published, therefore the reliability of these 

services offered are uncertain (Phillips 2018), and it may prematurely jeopardise 

the reputation of a potentially beneficial technique, prior to it being thoroughly 

developed and validated. Another area of concern are the ethical considerations 

raised by the use of recreational genetic genealogy data (Syndercombe Court 

2018); it is controversial how law enforcement bodies had access to consumer 

genetic databases without consent from the database donors. As a result several 

changes have happened since the announcement of the alleged GSK arrest, with 

databases changing their policies for law enforcement access. The databases 

currently accessible to law enforcement are FTDNA’s own database (provided 

users opt in to allow this), and GEDmatch, a third party genealogy portal facilitating 

comparison between raw data from different DTC genomic providers, where again 

users have to actively opt in to allow law enforcement to use their data for 

investigations. As of 9th Dec 2019 GEDmatch was purchased by Verogen with the 

purpose of preserving its genealogical focus, but also allowing better control of law 

enforcement access and security while committing to develop its available tools. 

MPS platforms validated with scientific rigour could serve as an affordable 

intermediate validation tool for data obtained from databases like GEDmatch; also, 

current or future custom SNP typing panels on MPS platforms could verify the 
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genotypes obtained from citizen science sources and add more certainty to 

investigations using these novel approaches. The work presented in this thesis will 

hopefully play a part in bringing about this next revolution in forensic genetics. 
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