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ABSTRACT
Nigeria, located in West Africa within sub-Saharan Africa, is the continent’s most populous Black
nation and ranks as the seventh most populated country globally. It is home to three major ethnic
groups: Igbo, Yoruba, and Hausa-Fulani. A thorough study of population genetics is essential for
accurately interpreting forensic genetic evidence in criminal investigations. The genetic
composition of these ethnic groups has not been extensively investigated compared to global
reference populations. This project collected blood samples from 303 unrelated individuals from
Nigeria's three major ethnic groups using FTA® cards. The genetic analysis utilised three kits: the
17-locus QTAGEN™ Investigator® ESSplex SE QS Kit and the 21-locus GlobalFiler™ Express
Kit for autosomal STRs, along with the 23-locus Promega PowerPlex® Y23 System Kit for Y-
chromosomal STRs. Of the 303 blood samples, 167 male samples were analysed for Y-STRs, while
all 303 were analysed for autosomal STRs. The autosomal STR data was then analysed to
determine forensic parameters, F-statistics, and Hardy-Weinberg equilibrium. Population structure
analysis was also conducted to assess inter-subpopulation differentiation using STRUCTURE,
principal component analysis, and neighbour-joining methods. A total of 606 allele calls were
obtained from 16 autosomal STR loci using the QIAGEN™ Investigator® ESSplex SE QS Kit and
21 autosomal STR loci using the GlobalFiler™ Express Kit. The allele frequencies were calculated
for the entire population and for each ethnic group individually. The QIAGEN™ Investigator®
ESSplex SE QS Kit analysis showed SE33 as the most informative, followed by D2S1338, while
THO1 had the fewest allelic variants. Similarly, the GlobalFiler™ Express Kit indicated SE33 as
the most informative, with D2S1338 next, but D13S317 had the lowest allelic variants. Both kits
had a combined power of discrimination and exclusion exceeding 99.999%. The 21-locus
GlobalFiler™ Express Kit, which had no off-ladder alleles and more markers, offered higher
discriminatory power, improved likelihood ratios, and lower random match probabilities than the
16-locus QIAGEN™ Investigator® ESSplex SE QS Kit. The STRUCTURE, principal component
analysis, neighbour-joining, and Fsr analyses revealed no genetic differences among the Igbo,
Yoruba, and Hausa-Fulani ethnic groups based on autosomal STR data from the QIAGEN™
Investigator ESSplex SE QS Kit and the GlobalFiler™ Express Kit. The Promega PowerPlex®
Y23 System Kit analysis identified the DYS385a/b locus as the most informative, while the
DYS391 locus had the lowest levels of polymorphic information content, gene diversity, and
discrimination capacity. Overall, haplotype diversity and discrimination capacity across all 23 loci
were found to be 99.4% and 99.9%, respectively. Principal component and neighbour-joining
analyses suggest that the Igbo and Yoruba ethnic groups share a paternal lineage, while a subset of
the Hausa-Fulani group appears distinct, indicating admixture. The three subpopulations also

showed differences in linkage disequilibrium across specific locus pairs. The study analysed inter-



population genetic distances across five continents, involving 7,664 unrelated people from 24
populations using autosomal STR markers and 7,348 unrelated individuals from 50 populations
using Y-STR markers. Y-STR results show Nigerian populations are genetically closely aligned
with other West African groups (Niger-Congo) at the continental level but genetically distinct from
North African (Afroasiatic), East African (Nilotic), and Indigenous Central African (Pygmy,
Khoisan) populations. Autosomal STR findings placed Nigeria within the African clade, with
closer ties to diaspora populations in North and South America. This research highlights the
forensic implications of population differences and the importance of establishing a national DNA

repository and allele frequency data for Nigeria.
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CHAPTER ONE
INTRODUCTION

1.1 OVERVIEW OF FORENSIC GENETICS

Forensic genetics is a specialised discipline within forensic science that analyses biological
samples, such as skin cells, semen, hair, blood, saliva, and sweat. This discipline involves
extracting and characterising biological variations using DNA and RNA, particularly for law
enforcement agencies that require these samples as evidence for identification in criminal
investigations (Carey and Mitnik, 2002; Bauer, 2007; Elkins, 2012). Forensic science is an applied
science that implements empirical scientific analysis in supporting civil and criminal law (Plourd,
2010; Tiwari and Kusum, 2024). When addressing serious and high-volume criminal cases, a
nation's government utilizes forensic science services to aid in prosecuting offenders and ensure
that justice is served (Ward et al., 2017). Forensic science is a broad discipline that integrates many
disciplines, including genetics, biology, chemistry, toxicology, botany, entomology, geology,
anthropology, archaeology, fingerprint examination, and questioned document analysis (Delémont
etal., 2017). While forensic science primarily focuses on laboratory practices, the specialised work
conducted at a crime scene are referred to as crime scene investigation (CSI) (James and Nordby,
2002; NicDaeid and White, 2024). Forensic scientists specialise in obtaining information through
collecting, preserving, and analysing valuable evidence during an investigation (Millo et al., 2008).
Forensic scientists also use their skills to work together with the police during a crime scene
investigation (Durnal, 2010; Kelty et al., 2024). Also, a forensic scientist is unbiased and can be an
expert witness, objectively reporting regardless of supporting a prosecutor or defendant while

testifying on the evidence presented in court. (Shuman and Greenberg, 2003).

Nowadays, the field of forensic genetics has been accepted and widely applied in criminal cases
involving rape, murder, terrorism, and disaster investigations (Henke et al., 2001; Sobrino ef al.,
2005; Bersting and Morling, 2015; Malhotra and Jamir, 2024). Analysis of genetic materials
transmitted from generation to generation can be utilized to either implicate or exonerate
individuals under investigation (Parks, 2000). Deoxyribonucleic acid (DNA) is the primary focus
of forensic genetics due to its unique and ubiquitous presence in every human, except for
monozygotic twins, who produce identical DNA profiles (Kobilinsky et al., 2005). The
examination of DNA from crime scene samples is a powerful tool for offender identification due
to its high discriminatory capacity (Mehar et al., 2024). However, the probative value of DNA
evidence is substantially enhanced when a reference profile is available for comparison, such as

through a known suspect or a database match (Malhotra and Jamir, 2024). In many jurisdictions,



this is achieved by searching national forensic DNA databases, and in limited circumstances
through international data-sharing frameworks (Greely et al., 2006). Where an offender has
previously been convicted and their profile is stored in a database, a match may be obtained
However, for justice to be served, the significance of the offender's DNA profile match must be
statistically evaluated from a separate population DNA database containing allele frequencies
(Foreman and Evett, 2001). Allele frequency represents the proportion of a particular allele that
appears at a specific genetic locus within a population's gene pool, compared to other alleles at that
locus (Butler, 2014). The allele frequency database of a nation's population serves as the reference
for calculating the statistical weight of DNA profile rarity when a match is observed between a
crime scene sample and a reference profile. Assessing DNA profile evidence rarity is crucial, as it
is a standard procedure for expert witnesses to convey the significance of genetic matches in court
cases, playing a vital role in legal proceedings (Bakhtiar, 2024). DNA databases are valuable in

various fields, particularly healthcare and security (Foreman ef al., 2003).

1.2 BRIEF HISTORY OF FORENSIC GENETICS

Forensic genetics has been a long-term practice that progressively evolved from forensic serology
when the ABO human blood type for identification in 1900 by Karl Landsteiner (Yamamoto and
Hakomori, 1990; Li, 2018). In 1910, French criminologist Edmond Locard established modern
forensic science by introducing Locard's exchange principle, which asserts that "every contact
leaves a trace” (Byard ef al., 2016; Shaw and Sandiford, 2024). Forensic genetics progressed
further with the proposal of the "theory of genes" by Thomas Hunt Morgan in 1926. However, the
molecular application of forensic genetics was developed after DNA was discovered in 1953
(Reich et al., 2002; Bhardwaj et al., 2025). Deoxyribonucleic acid (DNA) functions as the genetic
blueprint that carries the hereditary instructions vital for the development and functioning of all
living beings, including humans. Within cells, DNA is predominantly located in the nucleus
(nuclear DNA), while a lesser portion is found in the mitochondria (mitochondrial DNA). DNA is
structurally arranged in a double helix and comprises four nitrogen-containing bases: thymine (T),
guanine (G), adenine (A), and cytosine (C). Among these, adenine (A) and guanine (G) are known
as purines, whereas cytosine (C) and thymine (T) are classified as pyrimidines. Base pairing occurs
between purines and pyrimidines via hydrogen bonding—adenine pairs with thymine through two
hydrogen bonds (A=T), and guanine pairs with cytosine via three hydrogen bonds (G=C). The
human genome contains roughly 3 billion base pairs, with more than 99.9% of these sequences
being identical among all individuals (Collins and Mansoura, 2001). The sequences or order of the
nitrogenous bases determines the information for an organism's establishment, functionality, and

preservation. (Watson and Crick, 1953; Alberts et al., 2015; Sood and Singh, 2024). Figure 1.1



shows the DNA structure, which includes deoxyribose sugar, nitrogenous bases, and phosphate
groups. The human genome comprises approximately 19,000 to 20,000 genes that encode proteins,
with exons accounting for around 1.5% and protein-coding regions representing approximately

1.1% (International Human Genome Sequencing Consortium, 2004; Rand et al., 2014).

Hydrogen bond

5" end 3" end

O,
O=P—0O-

3" end 5" end

5" end

Figure 1.1.  Chemical structure of DNA illustrating antiparallel alignment of the two
strands (5'—3’ and 3'—5’), complementary base pairing via hydrogen bonds between
purines—adenine (A) and guanine (G)—and pyrimidines—cytosine (C) and thymine (T)—
and the sugar—phosphate backbone, as described by Pray (2008).

The human genome consists of 46 chromosomes, comprising 22 pairs of autosomes and one pair
of sex chromosomes, X and Y (XX in females and XY in males). Figure 1.2 demonstrates
autosomal chromosome inheritance and meiotic recombination. Genes are positioned at loci on
homologous chromosomes, with each carrying a specific allele. During meiosis, recombination
reshuffles parental alleles, producing genetically distinct gametes. Crossover events mainly occur
in recombination hotspots, while coldspots experience minimal crossover. This variability in
crossover breakpoints contributes to genetic diversity and affects allele inheritance patterns across

generations (Hartl and Clark, 2007; Neuvonen et al., 2017; Cooper and Adams, 2022).

Forensic genetics examines the variable regions of DNA that distinguish individuals, which

constitute approximately 0.1 per cent of the human genome’s 3 billion base pairs (Romeika and

Yan, 2013). Using multilocus autosomal STR profiling, the probability that two unrelated
3



individuals share an identical DNA profile is extremely low, often estimated to be on the order of
one in hundreds of trillions, depending on the loci analysed and the population considered. This
estimate is derived from analyses using a limited set of short tandem repeat (STR) markers,
specifically 13 CODIS loci, before the 2017 expansion to 20 loci (McDonald and Lehman, 2012;
Margoliash, 2024).

Homologous autosomes

X < 2 — - X —
[ > =>C > -
.

J
Recombination —T ~
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Recombination - > - =< —
Hotspots = >X X - — ]
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Figure 1.2. Schematic representation of meiotic recombination along homologous autosomes.
Recombination events are non-uniformly distributed along chromosomes and are
concentrated within recombination hotspots, while other regions (coldspots) experience little
or no crossover. Consequently, although crossovers occur within hotspot regions, their
precise breakpoints vary between meiosis and across generations, contributing to genetic
diversity.

Genetic markers are specific sequences of DNA found in particular locations on chromosomes.
They can help identify individuals, groups, or species and track how genes are passed down through
generations. They are essential tools in studies of genetic linkage, association mapping, and
evolutionary biology (Kumar, 1999; Hedrich, 2012; Doveri ef al., 2024). Li (2018) noted that the
evolution of the use of genetic markers has developed over time in phases distinguished by their
applications. The reliability of DNA fingerprinting was established through extensive validation
studies demonstrating high polymorphism, reproducibility, Mendelian inheritance, and extremely
low probabilities of coincidental matches, together with successful application in exclusion and
inclusion casework (Butler, 2009; Jobling and Gill, 2004). The evolution of molecular markers
paved the way for Alec Jeffreys's development of DNA fingerprinting in the mid-1980s at the
University of Leicester in the UK. He applied variable number tandem repeats (VNTRs) and coined
the term 'DNA fingerprinting' or 'genetic profiling'—a technique used to identify individuals by

their distinct DNA patterns. He built upon the principles of the Southern blot technique developed
4



by Edwin Southern in 1975, which transfers DNA fragments to a nylon membrane for hybridization
to distinguish unique patterns in DNA for individual identification (Southern, 1975). He and his
colleagues discovered that DNA hybridised with multi-locus probes displayed high levels of
variation and heritable motifs (Roewer, 2013). The approach utilised the restriction fragment length
polymorphism (RFLP) method, examining minisatellite regions that are distinguishable based on
their fragment sizes after separation. DNA fingerprinting was first used in a paternity dispute in
March 1985 to prevent the deportation of a young British boy of Ghanaian origin (Jeffreys et al.,
1985a; 1985b).

In 1986, DNA fingerprinting was first applied in a criminal investigation to exonerate an initial
suspect, Richard Buckland, in the Narborough murder case, demonstrating its power not only for
identification but also for exclusion (Butler, 2009; Roewer, 2013). The next application occurred
in 1987, marking the police's first use of this scenario. The precise reliability of DNA fingerprinting
was instrumental in securing the conviction of Colin Pitchfork for the sexual assault and homicide
of two teenage girls by matching his DNA to the semen samples found on the victims (Butler,
2009). Many scientific companies and law enforcement agencies worldwide became interested in
DNA fingerprinting for criminal investigations during this period, which led to improvements and
new techniques in the field. The technique offered significantly greater discriminatory capacity
than blood group typing, as the chance of a coincidental match was lower for minisatellite markers
compared to blood groups, though still higher than that of the more advanced STR markers. This
approach was efficient because a single expert could apply a unified method across samples (Gill
et al., 1985; Butler, 2015a). However, the technique had significant limitations: it required large
quantities of high-quality, undegraded DNA; interpretation of complex multi-band patterns could
be subjective and demanded highly trained analysts; the process was lengthy, lacked automation,
and involved exposure to radioactive materials. DNA fingerprinting was not very effective for
analysing degraded forensic samples because the RLFP method requires high-quality samples and

fresh, large DNA fragments. (Mnookin, 2001; Johnson, 2024).

In the mid-1980s, American biochemist Kary Mullis developed a laboratory method for amplifying
DNA called the "polymerase chain reaction" (PCR). This method employs the 7ag DNA
polymerase enzyme to synthesise new DNA strands utilising existing strands as templates. Tag
DNA polymerase is an enzyme that can withstand high temperatures. It comes from a bacterium,
Thermus aquaticus, discovered in Yellowstone National Park's hot springs (Chien et al., 1976).
This enzyme can handle the heat needed for DNA denaturation, around 94-96 °C. This ability

allows the PCR process to be automated without adding new enzymes after each heating cycle. The

5



innovative technique was used by scientists to target different repetitive regions in the human
genome, known as microsatellites, and only required nanograms (ng) rather than milligrams (mg)

of DNA (Butler, 2011; Watson, 2012).

The early 1990s marked the golden era for DNA fingerprinting. The original technique of Jeffreys
underwent significant improvements. The Southern blot technique was supplanted by the PCR
technique, fluorescent labels replaced radioactive labels, and slab gels replaced by capillary

electrophoresis around mid to late 1990s (Butler, 2009; Roewer, 2013).
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Figure 1.3. Timeline of forensic genetics development

A summary of the development of forensic genetics over time is presented in Figure 1.3. The PCR-
based technique of STR profiling that replaced RFLP-based analysis of microsatellite markers was
universally applied because of the genotyping precision, speed, and sensitivity (Roewer, 2013).
During this period, the UK Forensic Science Service (FSS) achieved significant progress by
creating the first forensic multiplex STR amplification kit, which included four loci: vVWA, THOI,
F13A1, and FES/FSP. The move to STR analysis with polymerase chain reaction (PCR) from
RFLP techniques was an essential improvement in forensic DNA profiling. Multiplex PCR allowed
the simultaneous analysis of multiple STR loci in a single reaction, saving time and increasing
productivity. Over time, these multiplex systems have improved, enabling the analysis of larger
areas and improving the clarity and accuracy of forensic DNA profiling (Butler, 2015; Huang et

al., 2022).



1.3 AUTOSOMAL SHORT TANDEM REPEATS

1.3.1 DESCRIPTION AND OVERVIEW

Short tandem repeats (STRs) are short, tandemly repeated DNA sequences that are predominantly
located in non-coding regions of the genome, often situated between genes that code for proteins
(Ellegren, 2004). They are sometimes called ‘simple sequence repeats’ (SSRs) or microsatellites.
STRs are polymorphic, hypervariable, and ubiquitous in thousands of locations across the
chromosomes. The core sequences vary in length, ranging from 2-6 bps and can exist in sequence
motifs of di, tri, tetra, penta, and hexanucleotide repeats. The sequence motifs may contain repeated
elements in a simple, compound, or complex structure (Ellegren, 2004; Fandade et al., 2024).
Table 1.1 displays the categories of repeats and sequence motifs identified at a standard short
tandem repeat (STR) locus. 'Simple repeats' are composed of a single repeat unit that occurs
multiple times. 'Compound repeats' comprise two or more neighbouring simple repeat units.
Conversely, 'complex repeats' feature multiple repeat blocks of differing lengths, along with

intervening sequences within a single unit (Gill et al., 2020).

Table 1.1. An example of STR variations illustrating simple, compound, and complex
repeats with an example marker and sequence motifs.

Repeat  Locus/Marker Sequence Motif

Simple THO1 [AATG]a
Compound vWA [TCTA]J. [TCTG], [TCTA]c TCCA [TCTA]4
Complex D21S11 [TCTAJ. [TCTG]s [TCTA]. TA[TCTA]c TCCATA[TCTA]s

Short tandem repeats (STRs) are prevalent throughout the human genome, representing
approximately 1-3% of genomic DNA (Shi et al., 2023). These repeats occur in both non-coding
and coding regions and typically consist of repeat units ranging from one to six base pairs. STRs
exhibit very high mutation rates relative to most other genomic regions, contributing to their
extensive polymorphism (Xia et al., 2024). Because of their high mutation rates, STRs show
significant variations among individuals and are highly effective for discrimination in genetic
analysis. The high mutation rates in STRs occur because of errors during DNA replication, known
as DNA polymerase slippage. This slippage occurs when the DNA strands temporarily separate
and misalign, resulting in the insertion or deletion of repeat units (Fan and Chu, 2007). These
mutations involve the loss or gain of repeat units rather than single nucleotide changes and often
occur stepwise. While most mutations occur as single-step changes, multi-step alterations can
happen less frequently (Verbiest et al., 2023). Repetitive sequences, such as STRs, are more prone

to slippage events. During these events, the mutation rate can vary from 1 x 107 to 1 x 107 per
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locus per generation (Shi et al., 2023). As a result, repetitive DNA tends to exhibit higher mutation
rates compared to non-repetitive DNA. Factors such as the repeat unit size and the surrounding
sequence influence the specific range of mutations (Steely et al., 2022). Mutation rates vary based
on repeat unit length and sequence composition; dinucleotide repeats show higher mutation rates
than longer repeat units like trinucleotide and tetranucleotide (Doss et al., 2025). Microvariants can
also increase STR variation, e.g. Allele 14.2 at locus D19S433 (Butler, 2015). Microvariants are
STR alleles that vary slightly from standard alleles because they have partial repeat units. These
are often shown with decimals, like 10.2 (Butler, 2014). Small insertions, deletions, or point
mutations in or near the repeat region can cause changes. These changes usually happen due to an
error during DNA replication, known as replication slippage (Gettings et al., 2015). Microvariants
are crucial in forensic DNA analysis because they enhance the variability in STR profiles, helping
to distinguish between individuals. The naming of these microvariants follows international

guidelines set by the ISFG (International Society for Forensic Genetics) (Parson et al., 2016).

The standard workflow for DNA profiling begins with DNA extraction from biospecimens such as
saliva, blood, and touch or trace DNA obtained from individuals or crime scenes (Budowle et al.,
2005). This process may include purification. The method of isolating DNA from cells using
chemicals is particularly well-suited for degraded or low-quality samples. It ensures greater
reliability for complex samples, especially in forensic casework, because it removes inhibitors like
heme, phenols, proteases, bile salts, proteins, and urea during extraction. The purified DNA utilised
as a template for PCR is cleaner and contains little to no inhibitors that could interfere with the
amplification process. However, standard PCR can be time-consuming and requires specific kits
or chemicals (Gill, 2001). The extracted DNA sample can be quantified to ensure it is adequate for
analysis. During PCR amplification, particular DNA segments—typically short tandem repeats
(STRs)—are amplified to produce multiple copies. The resulting amplified PCR products
containing fragments of DNA are then separated using capillary electrophoresis. Fluorescent dyes
help in detecting the STR markers during this process. The generated DNA profiles are interpreted
as numerical representations of the sizes of the STR fragments on programmes like the
GeneMapper software. The DNA profiles collected at a crime scene can be matched against to
known profiles from victims, suspects or DNA databases to confirm or eliminate individuals

(Butler, 2015b).

The direct PCR technique is an STR typing method that bypasses the extraction and quantification
steps allowing for immediate progression to PCR amplification. This approach adds the biological

sample directly to the PCR mix without any extraction process. Though the direct PCR technique
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is not an automated method for analysing DNA in forensics, it is faster and cheaper than the
standard procedure because it saves both time and consumables (Shrivastava ef al., 2021). Direct
PCR amplification is an approach that bypasses DNA extraction and quantification before STR
profiling, thereby reducing processing time and accelerating the generation of DNA profiles. In
contrast, conventional DNA profiling workflows involving extraction and quantification are
comparatively laborious and time-consuming. Direct PCR is therefore preferred when appropriate,
particularly for reference samples such as buccal swabs, which typically contain sufficient
quantities of high-quality DNA and minimal inhibitors (Sim et al., 2013). However, this technique
may face inhibition when applied to samples like blood, as the crude samples can introduce PCR
inhibitors such as haemoglobin and contaminants, which reduces the efficiency of PCR
amplification (Flores et al., 2014; McKiernan and Danielson, 2017; Myers et al., 2012; Wang et
al., 2024).

The first-generation multiplex system to be widely utilised in forensic science was a simple STR
multiplex system (Gill, 2002). The UK Forensic Science Service (FSS) first designed and validated
a four-locus "quadruplex" in 1994, which included the vWA, THO1, F13A1, and FES/FPS loci for
forensic analysis (Lygo et al., 1994). This system was potent and sensitive for its time but had a
relatively high match probability (1 in 100,000) due to the number of loci (Kimpton ef al., 1993).
In 1996, the UK FSS introduced the Second-Generation Multiplex (SGM), which contained six
STR loci: D21S1, D18S51, D8S1179, FGA, vWA and THOI. It was accompanied by the
Amelogenin (sex-typing) marker, which amplifies X- and Y-chromosome homologs (Sparkes et
al., 1996a). The SGM system had higher discriminatory power than the quadruplex and
demonstrated a lower match probability (1 in 50 million) (Gill, 2002). It also performed better on
degraded and aged samples, mainly if mini-STRs were applied (Sparkes et al., 1996b).
Concordance studies of PCR kits provide information to determine whether the outcome of two or
more kits that assay the same loci generates the same genotype (Hill et al., 2007). Null alleles are
a type of gene that, due to mutations or other changes, fails to produce a functional product or one
that can be detected at the molecular level. Allelic drop-out occurs when one or both gene copies
are absent from a DNA profile, even though they are expected to be present. These issues and
underlying genetic variations can be identified by using different STR kits, which contain various
PCR primers for the same markers, to analyse a DNA sample (Hill ef al., 2011). Information from
genotype discrepancies between PCR kits can help raise awareness of their occurrence and
necessitate a secondary method/kit for verification. In 1995, the UK National DNA Database
(NDNAD) was established, coinciding with the introduction of the SGM marker system as the
preferred DNA profiling system (Amankwaa and McCartney, 2019). The SGM marker system
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added over a million DNA profiles to the database. The SGM marker system was replaced by the
AmpF{STR® SGM Plus™ (SGM+) in 1998, as the preferred marker system for the UK National
DNA Database. SGM+ was an updated version of SGM, developed commercially by Applied
Biosystems (Cotton et al., 2000). The multiplex system was a ten-locus multiplex comprising the
six original SGM loci and four extra STR loci: D19S433, D2S1338, D16S539, and D3S1358, in
conjunction with the Amelogenin locus (Foreman and Evett, 2001). The Technical Working Group
on DNA Analysis Method (TWGDAM) recommended instructions for validating the system for
forensic work (Budowle, 1995). With the new improvement, the match probability for a complete
profile between two unrelated people decreased to 1 in more than 1 billion (Foreman and Evett,
2001). Over time, other European countries, the USA, Australia, Asia, and Africa began
establishing and expanding their national DNA databases. Shortly after launching the UK NDNAD,
the USA established the National DNA Index System (NDIS) in 1998 using the Combined DNA
Index System (CODIS) software (Linacre, 2003).

1.3.2 APPLICATIONS AND RELEVANCE OF AUTOSOMAL STR TYPING

STR typing has been established as a standard DNA profiling technique for forensic investigation
in many countries (Butler, 2015a). It is mainly applied in the court of law during sexual offences,
murder, physical assault, burglary, and terrorism cases. STR profiles are interpreted by comparing
the alleles and genotypes present at each STR locus between two or more samples: a questioned
sample (evidence sample) and a known reference sample (suspect sample) (National Research
Council, 1992). For example, Table 1.2. shows a fictional case of crime scene evidence. An

evidence sample can be compared with two or more suspects for a match.

Table 1.2. Fictional DNA profile from blood stain evidence collected from a crime scene
and from two suspects, with allele and genotype frequencies for Suspect B

STR Locus Blood Suspect A Suspect B Frequencies of Alleles Hardy- Genotype
Stain Alleles Alleles found in Suspect B’s Weinberg  Frequencies of

Evidence Profile Formula Suspect B
THO1 7,8 9.3,9.3 7,8 7(0.3883), 8(0.2104) 2pq 0.1634
D3S1358 15,16 17,17 15,16 15(0.2977), 16(0.3123) 2pq 0.1860
VWA 17,17 18,19 17,17 17(0.2217) p? 0.0492
D21S11 30,33 28, 30 30,33 30(0.1861), 33(0.0194) 2pq 0.0072
D16S1656 16,16.3 15,15 16,16.3 16(0.1036), 16.3(0.0809) 2pq 0.0168
D16S539 9,11 12,13 9,11 9(0.2104), 11(0.2799) 2pq 0.1178
D8S1179 12,12 13,14 12,12 12(0.1505) p? 0.0227
D7S820 10,10 9,11 10,10 10(0.1683) p? 0.0283
FGA 22,22 21,23 22,22 22(0.1926) p? 0.0371

RANDOM MATCH PROBABILTY (Product of Genotype Frequencies for Suspect B) = 5.078 x10°13

If the STR alleles from the evidence do not match any suspects' STR alleles, those suspects can be

quickly excluded as potential sources of the evidence suspect's scene. In cases where a suspect's
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STR alleles match all the alleles in the evidence profile, a statistical evaluation is to determine the
probability of such a match occurring in the population. This calculation first considers the
frequency of the relevant alleles within the suspect's ethnic group. At each locus, genotype
frequency is calculated by applying the Hardy-Weinberg principle, using the product of allele

frequencies for homozygous and heterozygous genotypes. (Norrgard, 2008).

1.4  Y-SHORT TANDEM REPEATS

1.4.1 DESCRIPTION AND OVERVIEW OF Y-CHROMOSOME AND Y-STR

The Y chromosome, which constitutes one of the two sex chromosomes (X and Y) in mammals, is
one of the smallest (the third smallest) of the 46 chromosomes in the human genome (Figure 1.4).
All biological human males possess Y chromosomes, which are transmitted as a single haplotype
block from father to son across generations (Figure 1.5). However, the SRY gene, responsible for
male sex determination, can be translocated from the Y chromosome to another chromosome (for
example, the X chromosome). This means a person may develop phenotypically as male but be

genotyped as female if they do not have a Y chromosome (Calafell and Comas, 2021).

Autosomes

(/

Y chromosome

Figure1.4. The human male chromosomal karyotype consists of 46 chromosomes, 22 pairs
of autosomes and one pair of sex chromosomes (XY), with the Y chromosome fully depicted.
The human Y chromosome, recently fully sequenced, reveals essential features related to
fertility and sperm production (https://www.nih.gov/news-events/news-releases/researchers-
assemble-first-complete-sequence-human-y-chromosome).

In the reference human genome, the Y chromosome spans approximately 60 megabases (Mb),
though its size can range from 45.2 to 84.9 million base pairs among individuals (Rhie et al., 2023).

This makes it significantly smaller than the X chromosome, which is about 160 megabases (Mb)
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long and contains approximately 156 million base pairs. The Y chromosome exhibits more
significant genetic and structural variation among males than any other chromosome in the human
genome (Hallast et al., 2023). This characteristic is uniquely associated with the genetic makeup
of human males. The Y chromosome is essential for determining male sex, passing on traits from
fathers, and producing sperm, which is essential for fertility. It has about 55 genes that code for
proteins, which is much fewer than the number found on the X chromosome and most other
chromosomes. The Y chromosome has around 78 protein-coding genes, many encoding male-
specific functions related to testis development and spermatogenesis. Among these, the SRY gene
plays a central role in initiating male sex determination and the development of male characteristics
(Westemeier-Rice et al., 2024). The AMELY variant of the Amelogenin gene is found on the short
arm of the Y chromosome (Ypl11.2). In forensic DNA profiling, STR Kkits typically amplify a
segment of approximately 112 base pairs from the AMELY locus. Its X chromosome counterpart,
AMELX, yields a fragment of about 106 base pairs. The size difference between these amplicons

allows for reliable sex determination in forensic analyses (Keefe, 2024).

=

Figure 1.5. The inheritance pattern of Y chromosome DNA is illustrated by the black boxes,
which represent a patrilineal transfer from father to son across generations without genetic
recombination. Females are depicted by circles (Dash ez al., 2020).

The Y chromosome is known to contain the Azoospermia Factor (AZF) regions, which are critical
for sperm development. Deletions within these regions can result in male infertility (Pazoki et al.,
2024). The Y chromosome is primarily composed of a section known as the "non-recombining
region of the Y chromosome" (NRY), also known to as the "male-specific region of the Y
chromosome" (MSY) (Figure 1.6). Unlike the autosome and X chromosome, this region does not
participate in genetic recombination. The MSY constitutes about 95% of humans' total Y
chromosome length (Jain et al., 2017). The entire MSY region exhibits linkage disequilibrium,
which is transmitted along the paternal lineage from father to son without the occurrence of
recombination (Prokop and Deschepper, 2015). The remaining regions of the Y chromosome

include two pseudo autosomal regions (PAR1 and PAR2) (Figure 1.6), which together make up
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about 5% of the entire Y chromosome. These regions are located at the distal end of the Y
chromosome and contain at least 29 genes, spanning a combined length of less than 3 megabases

(Mb) out of the total 60 Mb length of the chromosome.

Pseudo autosomal
Telomere .—  Region-2.6Mb
(PAR) e ~——— SRY gene
«—————parm S
Centromere £S5
S Euchromatin region
> 23Mb
oc
o
=
o
(5] e
Q =
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<
= Heterochromatin region
> 40Mb
=
Telomere i b Pseudo autosomal
(PAR) Region- 0.32Mb

Figure 1.6. The Y chromosome structure, highlighting the long arm (q arm or Yq) and the
short arm (p arm or Yp). It also displays the locations of the euchromatin and
heterochromatin regions along the arms and the structural locations of the male-specific
region (MSY) and the pseudo-autosomal regions (PARs) (https://geneticeducation.co.in/y-
chromosome-structure-and-function/)

The PAR regions can undergo recombination and are homologous to the pseudo autosomal areas
found on the X chromosome. This pairing allows the X chromosome to align with the Y
chromosome during meiosis, facilitating autosomal rather than sex-linked inheritance.
Additionally, Veerappa ef al. (2013) identified a third pseudo autosomal region (PA3) located on
the Y chromosome short arm at Yp11.2. This region might be found in about 2% of the general
population; however, its functional role is yet to be known (Colaco and Modi, 2018). The Y
chromosome is useful in tracing paternal lineage due to its lack of recombination. The distinctive
characteristics of the Y chromosome, including the non-recombing pattern and variations
introduced by mutations through generations along the paternal lineage, have sparked significant

interest among scientists in studying polymorphisms in the MSY regions (Petr et al., 2020).

Cytogenetically, the Y chromosome comprises two types of chromatins (a mixture of DNA and
proteins), euchromatin and heterochromatin (Figure 1.6), which have distinct structures and
functions. Euchromatin is 23Mb, rich in genes, less condensed and more readily transcribed than
heterochromatin. It contains all the Y chromosome protein regions and several hundred Y-STR loci
and is less condensed than heterochromatin. It initiates transcription by allowing gene regulatory

proteins to bond with DNA, modifying histone tails to make chromatin more open. In contrast,
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heterochromatin, comprising about 40 Mb, is gene-poor, highly condensed, and generally
transcriptionally inactive. It consists mainly of repetitive sequences, contributes to centromere
stability, and plays a role in genome organization and repression of transposable elements.
Heterochromatin is established during early embryogenesis and is critical for maintaining genome
integrity and regulating chromatin architecture and gene expression through histone modifications

and epigenetic mechanisms (Rhie et al., 2023).

Y-chromosomal short tandem repeats (Y-STRs) are distinct genetic markers located on the Y
chromosome, composed of repeating DNA sequences. These Y-STR markers are inherited
exclusively from father to son, which makes them valuable for forensic, anthropological, and
genealogical research (Butler 2015b). Y-STRs are specific to males and are used solely to identify
male lineages because Y chromosomes are present only in males. Y-STRs are relatively stable
within patrilineal lineages because the Y chromosome non-recombinant across generations due to
haploid inheritance (Roewer, 2013). The non-recombinant nature of Y-STR made it a valuable
tool for tracking paternal ancestry over many generations, thereby creating a stable lineage. The Y-

STR uniparental inheritance pattern made the markers ideal for studying male-line ancestry

(Kayser, 2017; Jobling and Tyler-Smith, 2003).

Researchers discovered that particular STR loci are unique to the Y chromosome. Early studies
aimed to detect polymorphic Y-linked STR markers for forensics and human population genetics
applications. The first polymorphic STR on the MSY was recognised in 1992, and the initial
application of Y-STR analysis was introduced in 1995 (Roewer and Epplen, 1992; Roewer et al.,
1992). Following the discovery of Y-STRs, research scientists realised that Y-STR markers were
handy in male-specific profiling in sexual assault cases involving mixed male and female DNA
(Kayser, 2017). By the late 1990s, scientific researchers established the first standard panel of Y-
STR markers (Keyser ef al., 1997). The Y-STR kits advancement has progressed through multiple
stages, beginning in 1997 when an international consortium of laboratories focused on Y-STR
technology established a foundational set of nine markers. These markers include DYS385a/b,
DYS393, DYS392, DYS391, DYS390, DYS389II, DYS89I, and DYS19, which constituted the
European minimal core haplotype of Y-STRs for forensic applications. Y-STR markers gained
prominence, validation, and widespread use in forensic casework (Keyser et al., 1997). In 1999,
the Y-Chromosome Haplotype Reference Database (YHRD) was created to collect and analyse Y-
STR haplotypes from various populations worldwide (Willuweit et al., 2007). The database became
crucial for forensic casework, genetic genealogy, and population studies (Roewer, 2019). In 2003,

the FBI and the Scientific Working Group on DNA Analysis Methods (SWGDAM) established
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guidelines for the forensic use of Y-STRs. Following this, SWGDAM announced a panel that
includes 11 Y-STRs: a European set of nine, plus two extra loci, designated as DYS438 and
DYS439 (Lee, 2004).

Specific collections of Y-STR markers that are analysed in a DNA profile are referred to as Y-STR
panels. Y-STR panels can be analysed using commercially available Y-STR kits. These kits contain
all the necessary chemicals and primers to amplify the Y-STR markers, producing a Y-STR
haplotype inherited as a single block. Multiple Y-STR panels are utilised in forensic and
genealogical research studies (Table 1.3). Some of the most commonly used marker panels include
PowerPlex® Y - which includes: 12 Y-STR loci; PowerPlex® Y23 System (Promega) - this
expands contains 23 Y-STR loci; Yfiler™ (Applied Biosystems) - which contains 17 Y-STR loci;
Yfiler™ Plus (Applied Biosystems) - this expanded version features 27 Y-STR loci, offering
improved discrimination, and YHRD - a global reference database for Y-STR haplotypes
(Willuweit et al., 2007). These panels enable researchers to conduct more accurate analyses and

comparisons (Alghafri, 2020).

Table 1.3. Y-STR Panel and corresponding Y-STR markers in the different dye colours

Y-STR Panel Y-STR Marker

Minimal

PowerPlex Y DYS392, DYS19, DYS437, DYS438,
DYS38911, DYS439, DYS3891, DYS391
PowerPlex Y23 | YGATAH4, DYS456, DYS38S5, DYS458, DYS393,

DYS437, DYS438, DYS533,
DYS549, DYS481, DYS391, DYS19, DYS38911, DYS448, DYS389I,

DYS576
Yfiler DYS448, DYS438, DYS437, YGATAHA,
DYS385, DYS19, DYS458, DYS38911, DYS390,
DYS3891, DYS456
Yfiler Plus DYS38911, DYS576, DYS627, sDYS635, DYS460, DYS458, DYS19,

YGATAH4, DYS448, DYS391,
DYS570, DYS437, DYS385, DYS449, DYS393, DYS439,
DYS481, DYF38751, DYSS533

Figure 1.7 shows the Y-STR loci frequently used in forensic genetics, indicating their approximate
positions on the Y chromosome. Since 2015, significant advancements have been made in using
Next Generation Sequencing (NGS) for Y-STR analysis, allowing for the simultaneous analysis of
multiple Y-STR loci and improving sensitivity and resolution. NGS-based Y-STR typing has
greatly enhanced forensic analysis, particularly in low-template or degraded DNA cases (Sobiah et
al., 2018; Silva, 2024).
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Figure 1.7. The Y chromosome, highlighting the approximate locations of commonly
used Y-STR markers in forensic genetics (Syndercombe, 2021).

1.4.2 APPLICATION AND RELEVANCE OF Y-STR TYPING

Y-STR analysis in forensic DNA profiling helps identify male DNA in criminal investigations,
missing person cases, and paternity testing (for sons only) when standard STR profiling is
inconclusive. Y-STR typing has been crucial in sexual assault cases, mainly when mixed samples
from female victims make it challenging to identify the male components, especially when standard
STR profiling fails or shows weak amplification (Jobling and Gill, 2004; Butler, 2014). Y-STR
typing enables the recovery of robust male DNA profiles without the need for differential DNA
extraction, particularly in samples dominated by female DNA (Roewer, 2019). This approach has
proven especially valuable in multiple-perpetrator sexual assault cases, where the female
contributor is the major DNA donor and several male contributors are present as minor
components, resulting in highly complex mixed autosomal STR profiles (Syndercombe, 2021). In
such scenarios, Y-STR profiling isolates male-specific genetic information and can assist in
narrowing the pool of potential male contributors (Forouzesh et al., 2022). Y-STR markers are also
important beyond forensic work. Y-chromosomal haplogroups are widely used to reconstruct
paternal lineages and to map historical human migration patterns, providing insights into
population structure and biogeography (Roewer, 2019). Y-STR analysis is commonly used in
genealogy, such as surname studies, because men in the same family line usually share similar Y-

STR haplotypes (Syndercombe, 2021). In addition, Y-chromosome analysis has applications in
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medical genetics, where it has been used to investigate conditions such as male infertility, Turner

syndrome (45, XO), and other Y-linked genetic disorders (Forouzesh et al., 2022).

The development of Y-STR analysis has revolutionised forensic sciences, genetic genealogy, and
population genetics. Since its initial discovery in the 1990s, Y-STR profiling has emerged as a vital
method for male-specific DNA analysis, paternal lineage studies, and criminal investigations,
particularly with the adoption of commercial kits and next-generation sequencing (NGS)
technology (Bozzo et al., 2019; Roewer, 2019). Y-STRs have been helpful in genetic genealogy.
With the rise of direct-to-consumer genetic testing (e.g., AncestryDNA, 23andMe), Y-STR
analysis has become a popular tool for tracing paternal ancestry. Identifying Y-chromosomal
haplogroups has helped individuals connect with historical and geographical lineage data (Jobling

and Tyler-Smith, 2017).

1.5  FORENSIC STATISTICS AND PARAMETERS

1.5.1 ALLELE FREQUENCY

Alleles are alternative forms or variants of a gene located at a specific position (locus) on a
chromosome. As diploid organisms, humans receive one allele from each parent, meaning they
have a pair of alleles for each genetic position on a chromosome (Pierce, 2012). These alleles can
occur in a population with either similar or different frequencies. Allele frequency is important in
the analysis of population genetics as it reflects commonness of specific gene variants within a
population and helps in understanding gene diversity and evolution of a population (Vizmanos et
al., 2020). The frequency of a particular allele (denoted as p) in a population can be calculated by
dividing the number of times that allele appears (7) by the total number of alleles at that locus (N).
This 1s represented as p =1/N. This formula helps determine how common a specific variant (allele)
is at a particular genetic locus. In a biallelic system (e.g., alleles A and a), the frequencies are often
represented as p and g, where p + g = 1. Allele frequencies are essential for understanding genetic
differences. They help make wise choices in forensic science, medicine, conservation, and
breeding. Allele frequencies also play a role in studying how populations change over time (Park

etal., 2021).

1.5.2 GENOTYPE FREQUENCY
A genotype is an individual's genetic makeup, specifically characterized by the distinct
combination of alleles inherited from both parents at one or more loci on their chromosomes

(Kockum, et al., 2023). In any population, alleles will combine in the genotype frequencies; pp
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(homozygote), pq (heterozygote), and qq (homozygote). In a randomly mating population with no
evolutionary forces acting on it, allele frequencies are expected to remain constant across
generations. Genotype frequency is crucial because it reflects the proportion of individuals with a
particular genetic makeup. An understanding of genotype frequencies assists in examining genetic
diversity and inheritance patterns. The calculation of genotype frequencies can be achieved by
multiplying the corresponding allele frequencies. The genotype frequencies for homozygous loci
are computed as a square of the allele frequencies {(p2 = A x A) and (q2 =a x a)}. In contrast, the
frequencies of heterozygous genotypes are calculated using the formula 2pq, where p represents

the frequency of the A-allele and q represents the frequency of the a-allele.

1.5.3 HARDY-WEINBERG EQUILIBRIUM (HWE)

In 1908, two scientists, Godfrey Harold Hardy and Wilhelm Weinberg, first introduced the concept
of Hardy-Weinberg equilibrium (HWE). This principle states that a population's allele and
genotype frequencies are bound to remain constant from generation to generation unless disruptive
evolutionary forces influence them (Wright, 1931; Crow, 2017). The population genetics module
of HWE is based on a series of five assumptions: no natural selection, no mutation, random mating,
no migration (gene flow), and a sufficiently large population size to prevent genetic drift. The
Hardy—Weinberg principle assumes that allele and genotype frequencies are bound to remain
constant from generation to generation in a large population of diploid individuals with random
mating, no overlapping generations, and no evolutionary influences. However, it is practically
impossible for a population to meet all these assumptions, as factors such as inbreeding, gene flow,
mutation, natural selection, migration, and genetic drift frequently affect genetic variation in natural
populations. Hence, HWE is a theoretical concept that describes the expected relationship between
allele and genotype frequencies in a population not undergoing evolutionary change. It provides a
foundational baseline in population genetics for assessing whether allele and genotype frequencies
remain stable from generation to generation. STR loci should be tested for conformity with HWE
before being used in further statistical analyses, particularly in forensic and population genetic
studies. New populations must also be tested for HWE as data are collected. Deviations from HWE
suggest that evolutionary forces such as selection, mutation, migration, or non-random mating may
be acting on the population. Importantly, the sum of allele frequencies and genotype frequencies at
a given locus are equal, whether or not the population is in equilibrium (Wier, 1996; Hartl and
Clark, 1997).

Sum of all allele frequencies —» p+q=1

Sum of all genotype frequencies — p> + 2pq+ q* =

18



1.5.4 RANDOM MATCH PROBABILITY (RMP)

Random Match Probability (RMP) refers to the likelihood that a randomly selected, unrelated
individual from a specific population would coincidentally have a DNA profile matching that
obtained from an evidence sample. RMP is typically applied when the DNA profile originates from
a single source and a suspect has already been identified. RMP is distinct from "match probability",
which refers to the likelihood of a match between random individuals in a general population or
profile frequency (Butler, 2014). RMP can be determined by multiplying the genotype frequencies
derived from allele frequencies across all loci. This calculation estimates the frequency of a
particular DNA profile within a given population. The RMP is used when there is a match between
a DNA profile obtained from evidence and a reference DNA profile from a suspect. This helps to
determine the likelihood that the match occurred by chance. Calculating the RMP is crucial for
evaluating the importance of the matches observed between individuals. It evaluates the strength
of evidence to support conclusions about a suspect’s likelihood of being associated with a crime
scene, thereby equipping forensic scientists with more informed judgment about the observed data
and aiding in the interpretation of the analysis. To calculate a complete profile for multiple loci,
assuming that the loci are independent, the formula is expressed as follows:

n
RMP = []|GF;
i=1

Where n represents the number of STR loci in the profile (e.g., 15 or more), each genotype
frequency is calculated using allele frequencies specific to the relevant population (Balding and

Nichols, 1994; Butler, 2014).

The probability of a match (PM) at a given locus in the population, as reported by Fisher (1951)

gave:

PM =G}

Where G; is the genotype frequency at a particular locus in the population, which can be squared
and summed across loci when dealing with multiple loci because each locus contributes

independently to the overall probability of a random match.

RMP is primarily used to calculate match probabilities in autosomal STR analysis. This includes
factors such as gene segregation, independent assortment, and recombination. In contrast,
haplotype match probability (HMP) is used to analyse Y-STR and other haplotype groups. HMP is

the likelihood that two randomly chosen individuals from a population share the same haplotype.
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Unlike RMP, which considers recombination, HMP is derived from haplotype frequency databases
since Y-STRs do not undergo recombination. HMP is typically estimated as:
HMP = 1/N

Where N represents the total number of unique haplotypes in the reference database.

1.5.5 LIKELIHOOD RATIO (LR)

This is another statistical framework for presenting DNA profile evidence, different from the RMP.
The Likelihood Ratio (LR) plays a central role in the Bayesian approach to evaluating forensic
evidence. This method helps evaluate forensic DNA evidence clearly and logically by comparing
how likely the evidence is under two different explanations. It involves measuring evidential
strength under two competing hypotheses: that the recovered DNA originated from the suspect
(prosecution hypothesis—H,) or an unrelated individual in the population (defence hypothesis—
Hj). LR is evaluated by considering the probability of observing the DNA evidence under two
competing hypotheses: that the DNA profile originated from the suspect P(E| H,, 1) (prosecution
hypothesis) or that it originated from an unknown, unrelated individual P(E| Hg4 1) (defence
hypothesis), given relevant conditioning information (I) (Evett & Weir, 1998). For DNA evidence,
this can be straightforwardly carried out by calculating the reciprocal of the RMP under most

circumstances, but not universally.

LR = 1
" RMP

The lower the RMP, the higher the LR, the stronger the evidential strength. (Norrgard, 2008). The
equation (LR = 1/RMP) holds when the numerator P(E| Hp,)=1, assuming the DNA evidence
perfectly matches the suspect’s profile, and the laboratory analysis is accurate. This reflects the
idea that if the suspect is the trustworthy source of the DNA, then observing the matching profile
is almost inevitable. The denominator P(E| Ha,) represents the probability that the same DNA
profile could occur by chance in a random, unrelated individual from the population. This

probability is referred to as the RMP (Butler, 2014).

DNA evidence can be reported in court as the RMP, LR or as a verbal expression describing the
evidential strength (Perlin, 2010). For example, a statistical calculation, which gives an RMP
estimate of one in one billion or 1x107; this can be expressed as “the chances of finding an
individual with the same profile as the one obtained in the same population is one in one billion”
(Thompson et al., 2003). The LR can be reported as “the matching profiles are at least one billion
times more likely to be obtained if the DNA came from the suspect than an unknown unrelated

individual” (Perlin, 2010), while a verbal equivalence of evidential strength can be expressed as
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“the result provides extremely strong support for the prosecution proposition” (Martire et al.,
2013). The statistical assessment of a matching profile furnishes the jury with an estimate of the

evidence’s importance in court.

1.5.6 POWER OF DISCRIMINATION (PD)

This essential forensic parameter helps convey information in forensic investigations and paternity
testing; however, it is not typically reported in court. Power of discrimination (PD) specifically
indicates the usefulness of certain markers and serves as an assessment of how these markers can
be utilised in the future. It describes the effectiveness of a genetic marker in distinguishing between
individuals within a population. PD represents the probability that two randomly selected, unrelated
individuals will not share the same genotype at a given locus. A higher value of discriminatory
power indicates a reliable accuracy in distinguishing individuals in a population. PD calculation is
important in assessing the informativeness or discriminatory capacity of a genetic marker or a set
of markers. This is crucial in forensic investigations to determine whether the selected markers are
capable of reliably linking a victim or suspect to a crime scene, and of effectively excluding
unrelated individuals from suspicion. PD is a fundamental step in the selection and validation of
genetic markers because markers with high discrimination power provide are preferred as they

provide more reliable and accurate identification of individuals.

Power of discrimination can be determined by deducting the value of a locus's random match

probability (RMP) from 1, which increases if more markers are added (Jeffrey et al., 1985c).

PD=1-RMP

1.5.7 PATERNITY INDEX (PI)

A specialised form of the likelihood ratio is the Paternity Index (PI), which calculates the
parenthood probability. It considers the likelihood that a particular man is the biological father of
a child (under the paternity hypothesis) against the possibility that a random, unrelated man from
the population is the father (under the non-paternity hypothesis). Typically, PI is calculated for
each locus individually, and the Combined Paternity Index (CPI) is obtained by multiplying the
individual PI values across all tested loci. Assessing these forensic parameters will demand the
cognisance of allele frequencies and their distribution in the population (Butler, 2006). A higher
paternity index indicates a more substantial paternity likelihood of an alleged father, thereby
strengthening the evidence supporting the existence of a biological relationship. PI is calculated by

comparing the probability of the child's genotype given the alleged father and mother under the
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paternity hypothesis {Hy: Pr(Gc, Gu, Gar | Hp)}! to the probability of the child's genotype given the
mother and a random, unrelated man from the population under the non-paternity hypothesis {Hu;
Pr(Ge, Gu, Gar | Hyg)}. Typically, allele frequencies from the relevant population are used to
calculate these probabilities.

_ Pr(Ge.Gy .G yp |Hp)

" Pi(Ge.Gy G up | Hy)

Where H, is the prosecution hypothesis (i.e. the father of the child is the alleged father); Hy is the
defence hypothesis (i.e. the father of the child is a random man unrelated to the alleged father); G¢
is the child’s DNA profile; G is the mother's DNA profile; G4r is the alleged father’s DNA profile
(Gjertson et al., 2007; Tillmar, 2010).

1.5.8 POWER OF EXCLUSION (PE)

Power of Exclusion (PE) is a forensic parameter that assesses the probability of excluding an
unrelated individual as the biological source of a DNA profile at a specific locus. It is critical to
rule out innocent individuals as potential sources of DNA samples found at a crime scene. The PE
is also applied in eliminating relatives (e.g. brothers) of the true father of a child as the biological
father in a paternity investigation. A higher power of exclusion enhances the dependability of
forensic DNA examination by reducing the possibility of false inclusion (Hameed et al., 2015).

The formula below is applied in the calculation.

PE=h*>-(1-2-h-H?)

Where /4 and H are the proportions of heterozygous and homozygous individuals in the population,

respectively.

1.5.9 POLYMORPHISM INFORMATION CONTENT (PIC)

The polymorphism information content (PIC) is a forensic parameter that conveys the
informativeness and variability of a genetic marker by measuring the polymorphism, i.e. the
multiple forms of genes or alleles among individuals in a population, particularly in the context of
population studies and genetic diversity. The higher the polymorphic content in a specific gene
locus, the greater the genetic differences among individuals, thus indicating higher diversity, which
makes the gene locus useful for forensic analysis, genetic research, and studying populations. PIC
is essential because it measures how informative a marker is. Linkage mapping helps identify when
genes recombine and makes the genetic map more accurate. In the analysis of markers, it helps
select markers that show a lot of variation, which helps to distinguish between different individuals

or genotypes clearly. It is valuable in marker selection, genetic diversity comparison, and marker
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comparisons (Botstein et al., 1980; Shete et al., 2000). The formula for the calculation is stated
below:
n n-1 n
rc=1-3 7 - 53 it
i= i=| j=i+

Where p; and p; are allele frequencies; #n is the number of alleles.

1.5.10 OBSERVED HETEROZYGOSITY (H,) AND EXPECTED HETEROZYGOSITY
(Hexp)

Other important forensic parameters are the observed heterozygosity (H,) and expected

heterozygosity (Heyp). Observed heterozygosity (H,) is the proportion of heterozygous individuals

(those with two different alleles, e.g., Aa) observed at a specific locus within a sampled population.

It is calculated by dividing the number of individuals who are heterozygous at that locus by the

total number of individuals sampled (V) (Hameed ef al., 2015).
Ho = A_a

N
Expected heterozygosity (Hexp) at a given locus is the probability that two randomly chosen alleles
from the population are different, assuming Hardy-Weinberg equilibrium (HWE). It is calculated
by subtracting the sum of the squared allele frequencies (representing the expected homozygote
genotype frequencies) from one.

Hep=1-3Yp/

Where p; is the frequency of the i™ allele at the locus, calculated under Hardy-Weinberg
equilibrium based on the observed genotype frequencies in the sampled population, the summation
is taken over all alleles at that locus (Butler, 2015a). The expected heterozygosity could also be
called the gene diversity (GD). The GD is the probability that estimates the genetic differences
when two alleles are randomly drawn from a population (Tillmar, 2010). An unbiased estimate

formula for the calculation of GD was described by Nei (1987) and Edwards et al. (1992).
n )
GD=——-(- E .
n-— 1 ( : p' )

Where 7 is the sampled allele counts at a locus; p; is the allele frequency in the population.

1.5.11 WRIGHT’S F-STATISTICS (Fsr, Fis, and Fir)

Wright’s F-statistics (Fs, Fis, and Fir) are essential population genetic parameters utilised in
population genetics to quantify genetic differentiation, inbreeding, and population structure, with
important applications in fields such as evolutionary biology, conservation, ecology, and forensic

genetics. The F-statistics are applied in estimating a population’s genetic structure and measuring
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the deviation from HWE in a subdivided population. Sewall Wright developed this statistical
method alongside Ronald Fisher and John Haldane (Wright, 1922; Fisher, 1949; Holsinger and
Weir, 2009). The letters F, Fsr1, Fis, and Fir typify the “fixation index”, specifically for the
“Subpopulation within the Total population”, “Individual within the Subpopulation”, and
“Individual within the Total population” respectively. They help in forensic genetics by showing
how genetic differences are distributed. They ensure accurate estimates of allele frequencies and

improve DNA evidence interpretation when there is population substructure (Weir, 2012).

The Fsr statistic shows the genetic difference between subpopulations and the entire population. It
considers the reduction in heterozygosity due to the variation in the population structure. Fsrvalues
range from 0 to 1. 0 means no genetic difference (the subpopulations are genetically identical),
while 1 means a complete genetic difference between the subpopulations. The calculation is based
on the expected heterozygosity (Weir and Cockerham, 1984; Weir, 1996). The Fsr statistics can

be calculated using the formula below.

Hr — Hg
Fop— — =

St Hy
Where Hr is the total genetic variation, measured as the average expected heterozygosity in the
overall population (considering all subpopulations as one); Hs is the within-subpopulation

variation, measured as the average expected heterozygosity within individual subpopulations.

The Fis statistic assesses genetic variation correlation within individuals and their subpopulations,
specifically measuring deviation from Hardy-Weinberg equilibrium in subpopulations, often
referred to as the inbreeding coefficient. The value ranges from -1 to +1. A high positive value
(Fis > 0) indicates inbreeding, which reflects a deficit of heterozygotes and an excess of
homozygotes within the subpopulation. Conversely, a negative value (Fis < 0) suggests outbreeding
or disassortative mating, indicating an excess of heterozygotes. A value of zero (Fis = 0) implies
random mating under Hardy-Weinberg equilibrium. The Fjs statistic is calculated based on the
observed and expected heterozygosity proposed by Weir and Cockerham (1984) and further
described by Weir (1996). Fis can be calculated using the formula below.

Where H;is the variation of the individual (average heterozygosity of the individual); Hs is the

variation within the subpopulation (average heterozygosity in the subpopulation);
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The Fir statistic represents the correlation of genetic variation within an individual relative to the
total population. The calculation is based on the expected heterozygosity. The Fir statistic
considers the overall inbreeding of the individual within and between the components of the
population (Fir = Fis + Fsr) — (Fis x Fsr). The Fir statistic is less frequently utilized (Weir and
Cockerham, 1984; Weir, 1996). Fr can be calculated using the formula below.

Where Hiis the variation of the individuals (average heterozygosity of the individual); Hr is the

variation between populations (average heterozygosity in the total population).

1.5.12 BONFERRONI CORRECTION

The Bonferroni correction is a statistical adjustment used to control the familywise Type I error
rate when multiple statistical tests are performed on the same dataset. When multiple hypotheses
are tested simultaneously, the probability of obtaining at least one false-positive result increases
beyond the nominal significance level (o = 0.05). The Bonferroni correction addresses this by

applying a more stringent significance threshold to each individual test (Weir, 1996).

The familywise error rate (aFW) is defined as the probability that at least one Type I error occurs

across a set of multiple statistical tests and can be expressed as:
Orw=1—(1—-0pc) ¢
where aPC is the per-comparison error rate and c is the number of comparisons performed. The

Bonferroni correction provides a conservative approximation to control aFW by dividing the

desired overall significance level by the number of tests conducted:

Orc-0J/C
Thus, when an overall significance level of o = 0.05 is used, the adjusted significance threshold for
each test becomes 0.05/c. This adjustment reduces the likelihood of false-positive results arising

from multiple testing and ensures that the familywise error rate remains controlled (Weir, 1996;

Rice 1989).

1.6 BACKGROUND OF FORENSIC DNA DATABASES

1.6.1 OVERVIEW
Forensic DNA investigation does not rely on the intelligence of the offender DNA database alone

before prosecuting a case in court. A DNA profile must be evaluated statistically for profile matches
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within the population to be accepted in court. The statistical calculations of probabilities, such as
RMP or LR, first consider the prevalence of alleles and genotypes within the population. In forensic
investigations, there are two types of DNA databases: population and criminal. The rationale
behind creating a national criminal DNA database of offender profiles is to identify any criminals
becoming repeat offenders. The first and oldest national forensic DNA database to be launched
worldwide for crimes punishable by imprisonment was the UK National DNA Database
(NDNAD), established on 10th April 1995. (Graham, 2007; Maguire et al., 2014). Over 60% of
convicts of past crimes in the United Kingdom get rearrested after three years of being set free
(Wallace, 2006). Also, about 90% of convicted sex offenders are serial perpetrators, and more than
50% of robbery case perpetrators have faced one-time or more convictions in the past. Law
enforcement agencies regularly analyse DNA profiles within the national DNA database to identify
suspects, verify links to past or current cases, and solve crimes. It also provides the police with
intelligence about potential suspects by checking a profile against the NDNAD when no known
suspect exists in a case (Amankwaa and McCartney, 2019; Dash et al., 2023).

Research has revealed that DNA databases of criminal offenders decrease criminal activities in a
nation (Roewer, 2013). A strong and reliable DNA database system helps a country fight and
reduce crime more effectively (Doleac, 2017). Much controversy arose due to varying policies
across countries regarding information storage, suspect inclusion, storage duration, and usage
purpose during the creation and operation of national DNA databases (Roman-Santos, 2010). The
concerns about ethical privacy have been a subject of debate (Wallace, 2006). Nonetheless, the
implementation of the Protection of Freedoms Act 2012 has addressed the matter of retaining and
regulating DNA profiles in the UK National DNA Database (Amankwaa and McCartney, 2018;
Ferrara, 2024). The UK National DNA Database for criminal offenders has successfully identified
suspects in many criminal investigations by linking them to a crime scene when no known suspect
(Maguire et al., 2014). A “cold hit” is the terminology applied when crime scene's DNA profile
matches a DNA profile held in a national DNA database for criminal offenders (Wallace, 2006;
Doleac, 2017). This is very much attainable if the suspect has previously committed a crime and
had their DNA profile captured in the criminal DNA database. DNA technology can show a
suspect's innocence by proving their DNA does not match the DNA collected from a crime scene
(Johnson and Williams, 2004a). In 2024, the UK National DNA Database (NDNAD) achieved a
64% hit rate from 7.2 million subjects and 692,365 crime scene profiles, with 1,377,140 females,
5,851,779 males, and 40,608 of unknown gender (Stanciu et al., 2024; Uberoi et al., 2024). Also,
in the same year, the US Combined DNA Index System (CODIS) assisted in more than 562,412
cases. The hit rate from the UK National DNA Database in 2024 identified up to 26,955
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perpetrators, who were further convicted for an additional 1,593 violent crimes. These crimes
involved 618 murders, 629 rapes, 138 other related sexual offences, 432 thefts, 58 frauds, 11,493
burglaries, and 1,034 robbery cases. (Stanciu et al., 2024).

A survey carried out by the international policing agency, Interpol, and the Council for Responsible
Genetics in 2022 revealed that 70 of its 89 countries possessed national DNA databases while more
than 26 countries were making plans to establish a national DNA database among 120 countries
that applied DNA profiling in the investigation of crime (Butler, 2023). Among the countries with
forensic DNA databases, nine out of 89 collected DNA profiles representing over 5% of their total
populations (Figure 1.8). These countries include Australia, Austria, China, Estonia, France,

Latvia, Lithuania, the United Kingdom, and the United States of America (Uberoi et al., 2024).

Global Expansion of DNA Databases
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Figure 1.8.  Percentage of individuals with forensic profiles in countries operating
forensic DNA databases (https://gdo.global/en/dna-profiles-in-G20-and-EU-countries).

No known DNA database

The world's largest national DNA database currently is the "China's DNA database. It contains
between 100 and 140 million offender profiles in it (Dirks and Leibold, 2020). The database
constantly changes, so its size is estimated rather than precisely known. Exact numbers are not
publicly available, and different sources provide varying estimates due to a lack of transparency.
The United States (US) National DNA Index System (NDIS) is the second-largest national DNA
database, containing more than 19 million offender profiles (Federal Bureau of Investigation,
2024). In comparison, the third largest, the United Kingdom's (UK) National DNA Database, holds

more than 7 million subject sample profiles (Home Office, 2024a; 2024b).
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1.6.2 TYPES OF FORENSIC DNA DATABASES

1.6.2.1 NATIONAL CRIMINAL DATABASES

The national criminal DNA databases are sometimes referred to as the “intelligence databases” or
“offenders’ DNA databases” (Gill, 2002). National criminal DNA databases are government-run
databases of DNA profiles that law enforcement agencies use to identify suspects during a criminal
investigation. The national database assists in curtailing criminals from advancing to more severe
crimes by allowing the connection of separate crimes to a single offender and granting the re-
evaluation of cold cases (Linacre, 2003; Wallace, 2006). A national database is structured to
contain two main types of DNA profiles: i. Crime scene DNA profiles, which are generated from
evidence recovered at crime scenes, and ii. Reference DNA profiles, which consist of known
offender profiles from individuals who have been convicted of crimes (McCartney, 2005).
Databases contain DNA data obtained from individuals' profiles, which are created using a variety
of kits to amplify STR regions through PCR. Different countries and regions, like states or
provinces, use various DNA testing kits that contain different numbers of genetic markers (Bodner
et al., 2016). Each place has its laws and rules for managing forensic DNA databases. They choose
specific kits for Short Tandem Repeat (STR) testing based on what they need to meet international
standards (Tan et al., 2017). Factors influencing this choice include how many markers they use
(which affects how well they can identify individuals), differences in genetic makeup among
populations, local laws, and available technology. As a result, the panels of STR markers can vary
a bit, which affects how well databases can match DNA from different places (Jacewicz, 2018). In
the United Kingdom, the number of STR loci used in forensic DNA profiling increased from 1995
to 2014 as result of the lower power of discrimination provided by a small number of loci. Increased
loci numbers increase the discriminatory power (Johnson and William, 2004a; Hopwood et al.,
2012). Consequent to the issues on expanding the national DNA database, it became apparent that
the chances of getting adventitious matches will also increase as the database increases. Due to this
development, an increment in the number of loci was introduced. In 1999, the UK National DNA
Database (NDNAD) upgraded the SGM system, which initially contained six loci, to the
AmpF/STR SGM Plus system, which had an additional four loci, making it up to 10 loci in total,
including Amelogenin (the sex marker) (Gill, 2002). The successful upgrade of the SGM loci for
expanding UKDNAD reduced the chances of adventitious matches and lowered the matching
probability (10-'%) (Foreman and Evett, 2001). Further investigation also revealed that additional
loci would reduce the match probabilities and chances of adventitious matches. This benefits
countries with a more extensive national DNA database than the United Kingdom. DNA kits such
as the “Applied Biosystems 16-plex (AmpF/STR® Identifiler Plus™)” and the “Promega 16-plex
(Powerplex® 16 BIO System)” provide very low match probabilities down to 102° — 10° (Gill,
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2002). Recent technological advancements have enhanced Short Tandem Repeat (STR) kits by
incorporating additional loci. In 2014, England and Wales adopted a 17-STR-locus system, while
Scotland has been using a 24-STR-locus system for DNA profiling since 2015 (Scottish Legal
News, 2015; Puch-Solis and Pope, 2021). Including more STR loci increases the ability to
differentiate between samples, even when a DNA sample contains only a partial profile (Johnson

and William, 2004b).

In 2018, the UK National DNA Database (NDNAD) was the largest and most inclusive forensic
DNA database, with a significant proportion of citizens included. It maintains DNA profiles from
police forces across England and Wales, as well as from the Northern Ireland DNA Database and
Scottish DNA database. Additionally, it includes DNA data from the Crown Dependencies, which
comprise the Isle of Man, the Bailiwick of Jersey, and the Bailiwick of Guernsey (Amankwa and
McCartney, 2018). The legal foundation for the offenders' DNA database was established in 1994,
and by 2024, it had grown to include 7,045,155 subject-reference DNA samples (Home Office,
2024). The UK National DNA Database (NDNAD) is currently governed by the Home Office and
overseen by the Forensic Information Databases Strategy Board. Access to the National DNA
Database (NDNAD) and the ability to contribute are confined to a select group of authorised
personnel. Only accredited laboratories are authorised to submit DNA profiles to the NDNAD. In
England and Wales, examples of companies that supply DNA profiles to NDNAD include the Key
Forensic Services, Cellmark Forensic Services, and Eurofins Forensic Services. The Scottish DNA
Databases and the UK DNA Databases have different but overlapping legislation guiding the
retention of STR profiles and have different DNA STR marker systems. The Scottish DNA
Database also operates under a stricter law in retaining DNA profiles and samples, although it is
similar now. Scotland has strict regulations regarding the deletion of DNA from individuals who
have not been convicted of crimes. It also has a body that oversees this process independently.
After reform, Northern Ireland created laws similar to those in England and Wales and added

safeguards in 2012 (Wallace, 2006; Amankwaa and McCartney, 2018).

In the UK, DNA samples submitted to the national DNA database are generally stored for future
comparison with potential crimes, as outlined in the Protection of Freedoms Act 2012 (Siegel and
Saukko, 2012). The retention of DNA profiles in the UK National DNA Database has been
controversial since the database was established. The legislation guiding the retention of DNA
profiles has undergone several changes which include the Police and Criminal Evidence Act
(1984), Criminal Justice and Public Act (1994), Criminal Procedure and Investigation Act (1996),
Criminal Evidence {Amendment Act} (1997), DNA Expansion Programme (2000), Criminal
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Justice and Police Act (2001) and the Criminal Justice Act (2003), Serious Organised Crime and
Police Act (2005) and Counter-Terrorism Act (2008) (Williams and Johnson, 2005; Blakemore and
Blake, 2012; McCartney, 2013). As a result, issues surrounding government surveillance, human
rights, and privacy of the DNA profiles stored in the national DNA database have been raised
(McCartney, 2004; Wallace, 2006). The debate focused on the duration and regulation of DNA
profile retention. Similar issues have also affected other world nations as concerns about
developing and enlarging forensic DNA databases are raised (William and Johnson, 2005). Table
1.4 summarizes the conditions for retaining and deleting a DNA profile in various European
countries. Issues concerning the retention of DNA profiles started in March 2006 in a case
involving a supply teacher from Birmingham, Philippa Jones, who was arrested in 2005 for the
alleged assault of a child. Her DNA was taken while she was still in custody, and the charges were
later dropped when the Crown Prosecution Service decided not to pursue the case further. She later
filed a case in the High Court accusing the police authority of DNA and fingerprints being collected
unlawfully without appropriate authority. She obtained the legal right to remove her photograph,
DNA, and fingerprint data from her records. Subsequently, she received compensation for £250 for
damages (Kaye, 2006; Amelung and Machado, 2019). The debate on the retention of DNA further
escalated in 2008 in a case involving Michael Marper and Mr S, which resulted in the abolishment
of the indefinite retention of DNA under prosecution. The case of “S & Marper v United Kingdom
[2008] ECHR 1581” involved Mr S, a minor (11 years old) charged with attempted robbery and
Michael Marper, a young man arrested for the assault of his girlfriend on 19 January 2001 and 13
March 2001 respectively. They both had their DNA and fingerprint profiles taken and submitted to
the UK NDNAD but were not convicted as they were lawfully acquitted. Michael Marper never
had any charges pressed due to the pretrial reconciliation with his girlfriend. Application by S. and
Marper to seek the removal of their DNA profiles from the national DNA database was futile as
the High Court, Court of Appeal, and House of Lords upheld the legality of retaining DNA samples.
Subsequently, an appeal was filed with the European Court of Human Rights on February 27, 2008,
which resulted in a ruling by 17 judges on December 14, 2008, that such retention violated Article
8 of the European Convention on Human Rights (ECHR), protecting the "right to respect an
individual's private or family life". Each appellant was awarded €42,000, and the ruling led to the
Protection of Freedoms Act 2012, which revised DNA retention laws in the UK NDNAD.
However, it allowed the indefinite retention of those convicted of any crimes but mandated the
deletion of DNA profiles generated from those not convicted at the end of a trial (Nydick, 2009;
Cole, 2013; Amelung and Machado, 2019). Table 1.4 summarizes the final decision of the
Protection of Freedom Act 2012.
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Table 1.4.

Summary of the conditions for the retention and deletion of DNA profiles in

the national databases of some European countries (Santos et al., 2013; Oblescuk et al.,

Country

Germany

Condition for Retention

Convicted lawbreakers or
Suspects of dangerous/violent
crimes.

Convicted lawbreakers or
suspects of serious crimes
(based on crimes listed)

Convicted lawbreakers of

crimes punishable by more than
one year and six months
sentence or suspects of similar
crimes

Convicts and suspects

Convicted lawbreakers with
more than three years' sentence
and suspects of crimes
punishable by more than six
months' sentence.

Convicted lawbreakers or
suspects of serious crimes.
(based on crimes listed)

Convicted lawbreakers of
serious crimes or individuals
indicted with more than one
crime and suspects officially

charged with a criminal
offence.
Convicted lawbreakers and

suspects of crimes punishable
by more than five years'
sentences (or criminal offences

2024)

Condition for Deletion

Below 18 or Minor: DNA profiles can be deleted if
the individual does not have any previous record of
forensic identification for the past three years.

Convicted adult: DNA profiles can be deleted after
five years of demise or at age 80 if the individual
does not have any previous record of forensic
identification for the past five years.

Acquitted suspect: An application needs to be made
for DNA profile deletion, and the decision for the
removal lies on the authorities to determine if the
retention of the acquitted suspect’s profile is
unnecessary.

Convicted criminal: DNA profiles can be deleted
after 30 years of inclusion. When inessential,
authorities can delete retained profiles in the
“criminal investigation” database.

Convicted criminal: DNA profile can be deleted
after two years of demise or at age 80.

Suspect: DNA profile can be deleted after two years
of decease, after ten years of acquittal or at age 70.

Convicted criminal and suspect: DNA profile can be
deleted after ten years of demise.

Convicted criminals: DNA profile can be deleted
after ten years of demise.

Suspects: DNA profile can be deleted after one year
of acquittal (based on the legal officer’s order) or
after ten years of demise.

Convicted criminal: DNA profile can be deleted
after 40 years of the termination of a served sentence
or at age 80.

Suspect: DNA profiles can be deleted at the request
of the concerned parties or when law authorities
consider the retention unnecessary.

Convicted criminal: Deletion of DNA profiles is at
the discretion of the court.

Adult: DNA profiles are reviewed after ten years of
inclusion.

Young individual: DNA profiles examined after five
years of inclusion.

Children: DNA profiles reviewed after five years of
inclusion;

Convicted criminal: DNA profile can be deleted
after 20 years of sentence service termination.

Suspects: DNA profile can be removed after
acquittal.
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Ireland

Lithuania

Luxemburg

Poland

Portugal

Romania

Scotland

Slovakia

Spain

Sweden

listed for lower sentences, e.g.,
drug trafficking).

Convicted lawbreakers and
suspects of crimes punishable
by more than five years
sentence (or specific criminal
offences listed for lower
sentences) and ex-convicts.
Suspects arrested, detained in

custody, and convicted of
preconceived criminal
offences.

Convicted lawbreakers and
suspects of any crime.
Convicted lawbreakers,
suspects of any crime and any
temporarily detained
individual.

Convicted lawbreakers and

suspects of any crime (carried
out by the court handling the
case).

Convicts or suspects (based on
crimes listed)

Suspects convicted by court
order of preconceived criminal
offences punishable by more
than three years sentence.
Convicts and suspects (based
on crimes listed)

Convicts and suspects
remanded for any crime.

Convicted lawbreakers and
suspects of any crime.
Convicted lawbreakers or

suspects detained for severe
crimes (based on crimes listed).

Convicted lawbreakers are
condemned to more than two

Convicted criminal:
indefinitely.

DNA profile is retained

Suspects: DNA profile can be deleted after ten years
for an adult or five years for a minor if the individual
is acquitted or not charged.

Convicted criminal: DNA profile can be deleted
after 20 years of the incident but never held more
than 40 years.

Suspects: DNA profile can be deleted after acquittal.
Convicted criminal: DNA profile can be deleted if
convict turns 75 years of age.

Suspects: DNA profile can be deleted after ten years
of the verdict if acquitted.

A DNA profile can be deleted after 100 years of
inclusion and ten years after the demise of the
convict or suspect.

Convicted criminal: DNA profile can be deleted
after ten years of the individual’s death.

Suspects: DNA profiles can be deleted after
acquittal, ten years after death, or after a crime
prescription.

Convicted criminal: DNA profile can be deleted
after 35 years of the incident.

Suspects: DNA profile can be deleted after acquittal.
Convicted criminal: DNA profile can be deleted
when the criminal record is nullified.

Convicted criminal: DNA profiles can be deleted
after the individual turns 60 years of age or after five
years in the event of death.

Suspect: Public Prosecution or court can delete
DNA profiles when considered unnecessary.
Convicted criminal: DNA profile is retained
indefinitely.

Suspects: DNA profile can be deleted after acquittal
but can be extended in cases involving violent or
sexual offences.

Convicted criminal: DNA profiles can be deleted
after the individual is 100 years old.

Suspect: DNA profiles can be deleted after acquittal.
Convicted criminal: DNA profile can be deleted on
the prescription date of the criminal record (except
if a different court order is stated).

Suspects detained: DNA profile can be deleted after
a crime prescription.

Convicted criminal: DNA profiles can be deleted
after ten years of the served sentence.
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years of non-financial Suspect: DNA profiles can be deleted after acquittal.
sentences.

The Convicted lawbreakers and Convicted criminal: DNA profiles can be deleted
WEHEIELTEN suspects. after 30 years of the served sentence if the offence
is punishable by more than a year's sentence or 20
years after the individual's demise. The profile can
also be removed after 20 years of the served
sentence if the offence is punishable by less than a
year's sentence or 12 years after the individual's
demise. Minors convicted of sexual assaults may
have their profiles retained for 80 years and maybe
extended in case of a new conviction.

Suspects: DNA profile can be deleted if the
individual is acquitted or not charged but can be
retained if a match is discovered in the DNA
database.

United Convicted lawbreakers or The DNA profile is retained indefinitely.
OB suspects  detained for any
(0 T4PV G qualifying offences.

Wales)

The Protection of Freedoms Act further led to the deletion and destruction of 7.75 million
unnecessarily retained DNA profiles and samples. These included those who were arrested but not
charged with an offence and those who were acquitted (Erbas, 2017). The ruling of the European
Convention on Human Rights cited the Scottish DNA Database approach (as shown in Table 1.5)
as "particularly significant" when compared to the practices in England and Wales, due to the
stricter policies regarding the retention of DNA profiles (William and Johnson, 2013). On May 27,
2005, several European Union countries agreed to sign a treaty to establish a network of European
DNA databases for exchanging forensic data. The agreement was made during a conference held
in Priim, Germany. This treaty was called the Priim Convention (Kierkegaard, 2008). The Priim
Treaty permitted members of the European Union to exchange biometric data and enable
cooperation of database access for vehicle registration, fingerprints, and DNA profiles information
within the seven member states, namely Australia, Belgium, France, Germany, Luxembourg,
Netherlands, and Spain (Bellanova, 2008). The “Priim Convention” was initiated by the German
Minister at that time, Otto Schilly, in 2003 (Servant and MacKenzie, 2017). The agreement of the
treaty was aimed at combating international crimes, fighting terrorism, strengthening security at
the border, and curtailing illegal immigration. This also permitted a step of cooperation in
exchanging demographic data after scientific verification, which was conducted as a “hit/ or no-
hit” query. The treaty also improved European integration to transpose the agreement into the
European Framework. However, the main provisions were later incorporated into the European
Union framework through “Council Decision 2008/615/JHA and 2008/616/JHA” (Fiodorova,

2014; Muiioz and Fiodorova, 2014). In subsequent years, some European nations joined the treaty
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to exchange forensic data. These countries included Hungary, Bulgaria, Slovenia, Romania,
Estonia, Finland, and Slovakia. Other European nations, including Sweden, Italy, Portugal, and
Greece, have expressed their interest in the Council of the European Union and are seeking to

comply with the Priim Convention's decision (Bellanova, 2009).

Table 1.5. Summary of the Protection of Freedoms Act 2012 for convicts and non-
convicts in the United Kingdom (Amankwaa and McCartney, 2018)

Convictions *

DNA and Fingerprint Retention
Adult — all crimes Indefinite
Under 18 — Serious offences ** Indefinite

Under 18 — Minor offence Five years + any custodial sentence for the first conviction; if the
sentence is five years or more, retention is indefinite..
Under 18 — Second conviction Indefinite

Non-convictions

VANG (1 (1 BT o e i Eb pecls BN THIS s  Three years + possible 2-year retention continuation by the court
offence** District Judge.

VANG(SRI(<Ts o T (o | e ET s Ml None, but the Biometric Commissioner may grant a three-year
serious offence** retention continuation in uncommon cases on application or a
possible 2-year retention continuation by the District Judge of the
court.

Minor offence — Penalty 2 years

Notice for Disorder (PND)

Minor offence — arrested or None — but conjecturally searched
charged

Suspected of terrorism The legislation determines the retention + multiple two years with
National Security Determination (NSD) by the chief constable.

* Convictions include cautions, reprimands, and final warnings.

** Serious offences are crimes such as sexual or violent offences, burglary, and terrorism offences.

In 2009, Iceland and Norway agreed to share their biometric data with the Commission and comply
with specific provisions of the Priim decision (Pedro and Campos, 2013; Zarza, 2015). Denmark
opted out of the Priim Treaty and has never been part of the agreement as the rules do not apply to
the nation (Joannin, 2017). In June 2016, the Council of the European Union initiated an agreement
for Liechtenstein and Switzerland to join the Priim Treaty (Santos, 2016). The proposal agreement
between both parties was concluded in January 2019, leading to the endorsement of the treaty for
forensic data exchange on June 6, 2019 (Council of the European Union, 2019). Denmark decided
not to join the Priim Treaty because it had a broader opt-out from Justice and Home Affairs policies
since 1992. This choice was confirmed by a public vote in the 2015 referendum, where the Danish
people rejected a proposal for a flexible opt-in system. On the other hand, Ireland uses a case-by-

case opt-in approach and has chosen to participate in the Priim framework. On December 1, 2014,
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the United Kingdom chose to opt out of the treaty (Council of the European Union, 2016).
However, the large number of profiles retained within the UK National DNA Database increases
the likelihood of obtaining investigative DNA matches (Home Office, 2024a). The UK law
enforcement agencies recommended that the treaty agreement may be notably helpful for
combating crime in the United Kingdom (Amankwaa, 2020). An experimental analysis was
conducted in 2015 in which 2500 DNA profiles from the UK police were searched across Germany,
France, Spain, and the Netherlands. Consequently, the investigation produced 181 hits for various
crimes, with some profiles reporting multiple hits across countries. Following this discovery, the
United Kingdom voted to be part of the Priim Treaty on December 1, 2015, despite the Brexit
scheme (Home Office, 2015). On May 20, 2016, the Commission approved the UK's decision to
join the Priim Treaty (Curtin, 2017). In June 2019, the UK agreed to share DNA and fingerprint
data with the European Union; however, they left the European Union after concluding negotiations
for the withdrawal but remained part of the Priim Treaty. The UK has maintained close cooperation
with the European Union on police matters through its trade agreement. Dating from September
2019, only 25 European Union States were active in the Priim Treaty. Greece, Ireland, and Italy
faced delays in fully operationalising the Priim framework due to a combination of legislative
inertia, financial constraints, and technical or policy considerations following the 2008 crisis. The
levels of connection differ within the operational states. Recent data revealed that Bulgaria shares
DNA data with nine countries, while Austria and Netherlands exchange with 23 countries (Toom
et al., 2019; Machado and Granja, 2020). By 2024, 31 countries have actively implemented the
Priim framework. This includes all 27 European Union (EU) members and 4 non-EU Schengen-
associated countries. The 27 EU Member States are Sweden, Spain, Slovenia, Slovakia, Romania,
Portugal, Poland, Netherlands, Malta, Luxembourg, Lithuania, Latvia, Italy, Ireland, Hungary,
Greece, Germany, France, Finland, Estonia, Denmark, Czech Republic, Cyprus, Bulgaria,
Belgium, and Austria. The non-EU Schengen-associated countries are Iceland, Liechtenstein,
Norway, and Switzerland. In 2025, the United Kingdom is no longer part of the Priim Treaty or its
framework due to its departure from the EU and its lack of integration into the mechanism for
sharing EU data under the Priim framework (UK Parliament, 2025). However, the United Kingdom
relies on international and bilateral agreements to share data across borders and manage criminal
investigations across EU member states through the Trade and Cooperation Agreement (TCA)

(Bullock et al., 2025).

1.6.2.2 POPULATION DNA DATABASES
Population DNA databases are sometimes referred to as allele frequency databases or non-offender

DNA databases (Gill, 2002). A population DNA database is different from a national criminal DNA
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database. It holds DNA profiles of non-offenders within a community and provides genetic
information about the frequencies of alleles and genotypes in the general population (Butler, 2015).
The collection of the DNA samples for setting up such a database is voluntary, with strict
confidentiality in keeping the donor's identity anonymous and does not involve any form of
coercion during sample donation or collection. The sampling population may comprise hundreds
to thousands of unrelated individuals, a range that is generally considered sufficient to allow
reliable estimation of allele frequencies in forensic population databases (Chakraborty, 1992; Gill,
2002; Butler, 2015). Each individual's DNA is genotyped using PCR-based kits to analyse specific
genetic loci, specifically Short Tandem Repeat (STR) markers. Researchers count the number of
times each allele appears in a sample for each locus. They then create a database to store the allele
frequencies for all the loci. This database is usually specific to the population or subpopulation
being studied. These allele frequencies are then used to calculate each locus's Random Match
Probability (RMP). This is done by multiplying the genotype frequencies for both homozygous and
heterozygous genotypes across all loci to obtain the overall profile frequency, as explained in
Chapter 1.5.4 (Balding and Nichols, 1994; Butler, 2014). The RMP shows how rare a DNA profile
is in a population, calculated from the genotype frequencies' product (National Research Council,

1997; Zeller and Elkins, 2020).

Population DNA databases show how often a specific DNA profile can be found in the general
population. This information helps us understand how likely it is that the same DNA profile could
appear in an unrelated person chosen randomly from that population. Instead of focusing on a
specific individual, it looks at the chance of a random match happening (Balding, 1999). A DNA
profile is unique, and experts in court express this uniqueness using a "random match probability."
This probability helps to explain how strong the evidence is. It is usually calculated when there is
a complete match between a suspect's DNA and the evidence from a crime scene. This probability
shows how likely it is to find someone with the same DNA profile in the population. A lower
random match probability means more substantial evidence that the suspect's DNA matches the
sample from the crime scene. Conversely, a higher match probability weakens the evidence
(Balding and Donnelly, 1995a; b). When a DNA match is found between a crime scene and a
suspect, experts calculate the rarity of that DNA in the population using a population DNA database
as a reference. This process is standard in the United States, the United Kingdom, and worldwide
to show how strong the DNA evidence is (Foreman and Evett, 2001).

Allele frequencies can vary between populations with different biogeographical ancestries due to
historical population structure and migration (Prohaska et al., 2019). Due to this fact, it is always

ideal to collect databases from individuals that form most of the everyday racial or ethnic groups
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in a nation (Gill, 2002). Occasionally, distinct sub-populations may arise in a population due to
incomplete mixing due to non-random mating. In the United Kingdom population database, the
England and Wales forensic DNA database classifies profiles into five ethnic categories: White
North European (EA1), White South European (EA2), African/Caribbean (EA3), Asian (EA4), and
Chinese/Southeast Asian (EAS). In some cases, data for African and Caribbean backgrounds are
shown separately, but they are combined as one group (EA3) when used in investigations.
(Foreman and Evett, 2001; Steele, 2016). Minor variations also occur between groups of the same
race residing in places of different locations. An ongoing discussion on the utility of population
DNA database begs the question of whether the database is the actual representation of the
population's genetic diversity given that most forensic allele frequency databases are developed
based on a random assemblage of the racial population without taking consideration into the sub-
population that exist within the groups (Buckleton et al., 2016; Sirugo et al., 2019). An example is
the Asian population (of Indo-Pakistani descent), with individuals from diverse cultural and
geographical origins (Foreman et al., 1998). However, studies on the genetic variations between
these sub-population groups have revealed that low differences exist (Gill and Evett, 1995; Balding
etal., 1996; Budowole et al., 1999). Balding and Nichols (1994) explained that inferences obtained
from the allele frequencies of a subpopulation can be adjusted for inbreeding/coancestry within a

population using a correction factor (Fst) (Balding and Nichol, 1994).

The RMP or LR is calculated from an acceptable population DNA database, e.g. STRider (STR
for Identity ENFSI Reference database [https://strider.online]). In court, this format is accepted to
present the strength of a DNA match already found in a criminal DNA database (Gill, 2002).

The population DNA database is forensically significant because a matched DNA profile of a
suspect from the evidence may have occurred by chance, or the perpetrator of the crime emerged
from another population not the same as the suspect (Schneider, 2007). Allele and genotype
frequencies for a national population database provide information on the genetic variations
between races, ethnic groups, or tribes (Gill, 2002). Such genetic information enables statistical
calculations to evaluate DNA profiling in a forensic context within a population and sub-population
using the Hardy-Weinberg Equilibrium (HWE) (Evett and Weir, 1998). Also, allele and genotype
frequencies of sub-groups or ethnic groups within a population can be very distinct from other
significant populations (Bdr et al., 1993). The Wahlund effect is a reduction in observed
heterozygosity and a corresponding increase in homozygosity that arises when genetically distinct
subpopulations are combined and analysed as a single population. In contrast, an increase in

observed heterozygosity and a reduction in homozygosity resulting from increased gene flow or
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interbreeding between previously isolated subpopulations is referred to as Isolate breaking

(Holland, 2000).

Individuals within a subpopulation are more likely to share alleles that are identical by descent due
to shared ancestry (Weir, 1994). For instance, some communities, practice consanguineous or
restricted marriages. Such practice can reduce genetic diversity in the gene pool and change the
distribution of alleles (Foreman and Lambert, 2000). Consequently, analysing an allele frequency
without considering the coancestry level is erroneous (Balding and Nichols, 1994). Therefore, it is
recommended to use an allele frequency database that is particular to the individual’s sub-
population when calculating the random match probability (Weir, 1992). As explained earlier, the
issue of coancestry can be accommodated using the Balding-Nichols Correction Factor, which
incorporates an estimated or standard Fsr value for a population depending on the level of
inbreeding. This increases the match probability and provides more advantage to the suspect. The
Balding-Nichols Correction Factor does not always lower the match probability below the 1 in 1
billion thresholds. When calculating match probability using STR kits with many markers, it might
not have a noticeable effect. In these cases, the reported value can still be 1 in 1 billion or higher,
even though it may significantly affect the match probability based on Hardy-Weinberg principles
(Foreman and Evett, 2001). The rationale is to lower the likelihood ratio to benefit the suspect and
presume their innocence by biasing the DNA statistics in their favour and maintaining conservation

(Balding and Nichols, 1994).

1.7 BACKGROUND OF THE NIGERIAN REPUBLIC

1.7.1 LAND AND POLITICAL DESCRIPTION

The Federal Republic of Nigeria is a sovereign country in West Africa, geographically situated in
the Gulf of Guinea. The nation has plenty of wildlife reserves and natural landmarks and two major
rivers, the Niger and the Benue, which form a confluence at Lokoja town. Other vital rivers that

affect the climate and vegetation include Anambra, Bonny, Cross, Delta, Imo, Kaduna, Katsina-

Ala, Kwa Ibo, Ogun, Osun, Sokoto, and Taraba (Ogbaa, 2003).

Several countries and a body of water border the country. To the north lies the Republic of Niger,
with an approximate border length of 1,608 km. To the west is the Republic of Benin, which has
an approximate border length of 809 km. On the east, the nation shares its borders with the Republic
of Chad, approximately 85 km long, and Cameroon, which has a border length of about 1,975 km.

Finally, to the south, the nation has an Atlantic Ocean coastline measuring approximately 853 km.

38



In total, the land border perimeter is approximately 4,477 km (Bello et al., 2012). The country
36 states and a Federal Capital Territory, Abuja as the capital city (Onimisi, 2014).
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Figure 1.9.
land borders

(https://www.nationsonline.org/oneworld/map/nigeria-administrative-map.htm)

The zones and their respective states are as follows:

The North-Central — Plateau, Niger, Nassarawa, Kwara, Kogi, and Benue.

The North-West — Zamfara, Sokoto, Kebbi, Katsina, Kano, Kaduna, and Jigawa.
The North-East — Yobe, Taraba, Gombe, Borno, Bauchi, and Adamawa

The South-South — Rivers, Edo, Delta, Cross-River, Bayelsa, and Akwa-Ibom.
The South-West — Oyo, Osun, Ondo, Ogun, Lagos, and Ekiti.

The South-East — Imo, Enugu, Ebonyi, Anambra, and Abia.

(Bakare, 2015; Adebisi and Oni, 2012).

Nigerian map displaying the states and capitals with the coordinates and the

Figure 1.9 shows the geographical description of the Nigerian landmass. The Nigerian Republic

also recognises six geopolitical zones, namely: the North-Central (also known as the Middle

Belt),

the North-West, the North-East, the South-South (also known as the Niger Delta), the South-West,

and the South-East (Binuomoyo, 2016). Figure 1.10 describes the locations of geopolitical
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in the Nigeria map. Each geopolitical zone is occupied by the 36 states that house the various ethnic

groups (Igiede, 2013).
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Figure 1.10. Nigerian map displaying the six geopolitical zones with the 36 states
(https://consulter-voyant.com/wear_rm.php)

Geographically, the country lies north of the equator and has coordinates between 4°N to 14°N
latitude and 2°E to 15°E longitude. It covers a total area of 923,768 km? (356,669 square miles).
The country has a land area of 910,768 km? and a water area of 13,000 km? (Fadare, 2009;
Ajibade et al., 2019). The country holds the position of the 32nd largest country in the world
(Uthman ef al., 2011).

1.7.2 ORIGIN AND HISTORICAL OVERVIEW

Human occupation in the region now known as Nigeria dates back to the Stone Age, with
archaeological evidence indicating continuous settlement for tens of thousands of years. This
history continues through the Common Era and includes the period of the Transatlantic Slave
Trade, when European invaders were involved (Falola and Heaton, 2008). Evidence from

archaeological studies revealed that people have dwelled in every region of the country for
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thousands of years. Initially, these human societies were localised in nature, existing in smaller
settlements and villages until the emergence of European colonisation (Falola and Aderinto, 2010).
Before the British colonisation, these civilisations existed: Sokoto Caliphate (1809-1903), Oyo
(1603-1800), Hausa States (1500-1808), Benin (1440-1897), Kwararafa (1400-1800), Kanem-
Bornu (1068-1900), and the Nri Kingdom (948-1911) (Abdurrahman, 2012). Many of these
societies within today's middle-belt and eastern regions, such as the Kingdom of Nri (Igbo tribes
of today), retained their localised settlements but became united and centralised in the 10th century
until the emergence of European colonisation in the 20th century. However, some societies in the
southern regions, such as the Benin Empire and the Ile-Ife Kingdom, were more centralised during
the first millennium, attracting economic, political, and cultural importance to the urban hub for
the development of state structures via the purpose of kingship (Bondarenko and Roese, 1999). A
civilisation known as the "Nok culture", noted for their terracotta sculptures, appeared, and
vanished from 500 BCE to 200 CE in northern Nigeria. The circumstances leading to their
extinction were unknown (Rupp et al., 2005). From the eleventh to fifteenth century CE, the
empires of Kanem and Born in the northern regions of Nigeria began their ascendancy, producing
the Hausa states, which occupy today's North-East and North-West geopolitical zones (Falola and
Heaton, 2008). Trading, agriculture, craftwork, fishing, and hunting were the main occupations of
the indigenous Nigerians living during the pre-colonial period (Fafunwa, 2018). Migrants from
other locations also exchanged ideas, goods, and services that contributed to the economies of the
centralised and decentralised societies, which impacted their culture, politics, and religion. The
trans-Saharan trade from the North African countries to sub-Saharan Africa towards the south
expanded due to the spread of Islam from the northern region down to the southern region
(Frederiks, 2010). During 1500CE, the trading relationship created societies that significantly
developed into complex communities of people with integrated culture, politics, and economy

(Falola and Heaton, 2008).

The Kingdom of Nri, which is accepted to be the foundation of the Igbo civilization, became
united and centralized between the 10th to the 20th centuries (948 -1911) but was overpowered by
the British in 1911 (Abdurrahman, 2012). The “Eze Nri” ruled the kingdom and was seen as a
priest-king bestowed with royal and divine powers. The Igbo tribe is the oldest existing ethnic
group in present-day Nigeria and forms one of the major ethnic groups in the federation (Arowolo,

2010).

The Benin Empire, sometimes called the Edo Kingdom, flourished as a civilisation over its region

from the 15th to the 19th centuries (1440-1897). The Edo Kingdom, ruled by the "Oba of Benin",
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was so powerful that it extended its territory from the south-south geographical region to the south-
eastern parts of the Yorubaland and parts of the present-day Delta State. The supremacy of the
kingdom made it the first civilisation to be recognised by foreign traders. The Benin Empire is
currently occupied by the Benin ethnic group, which is situated in the present-day Edo State

(Bradbury, 2017).

The Oyo Empire, which formed a significant part of the Yoruba ethnic group of today, rose to
its pinnacle between the 17th to the 19th centuries (1603-1800), influencing the South-western
region of Nigeria, stretching out to the Fon Kingdom of Dahomey in the Benin Republic, and parts
of the Togolese Republic, Ghana, and the Republic of Céte d'Ivoire. The supreme overlord of the
medieval Oyo Empire was ruled by the "Alaafin of Oyo" (Ogundiran, 2009).

The Hausa states existed from 1500 to 1808, long before the Fulani Empire (1808-1903), which
is currently the Sokoto Caliphate of today. In 1809, the states of northern Nigeria were re-
established by Sheikh Usman dan Fodio after his successful jihad conquest of the Hausa Kingdom
of Gobir, Kano, and Katsina. The Sokoto Caliphate became a merger of the modified Hausas and
the Islamic Fulani. Over a long period of religious association and intermarriage between the
Hausas and Fulani, they became racially indistinguishable. The Hausa-Fulani ethnic groups largely
dominate the northern regions of Nigeria and are traditionally ruled by supreme rulers, notably the

“Emir of Kano” and the “Sultan of Sokoto” (Hopen, 2018; Smith, 2018).

1.7.3 DEMOGRAPHICS AND POPULATION OVERVIEW

Due to Nigeria’s enormous population, rich heritage, and diverse ethnicity, it is often called the
“Giant of Africa” (Okonkwo and Smith, 2018). Nigeria was once Africa's largest economy but is
now the fourth largest (International Monetary Funds, 2024). Nigeria is Africa's most populous
black nation and the seventh most populous country globally, with about 232.6 million people
(Babatunde, 2019; Oweibia et al., 2024). Nigeria's population is expected to reach 239 million in
2025 and 440 million in 2050, notwithstanding the decreasing fertility (Etebong, 2018). According
to the 2006 population census report, the population grew by 3.02%. It is expected to double in 22
years. This results from the high birth rate, the primary factor leading to unprecedented population
growth. Some established customs, religions, and superstitions promote the high birth rate in the
country. These cultural and religious components encourage early marriage, polygamous family
systems and sometimes the prevention of the use of birth control measures such as the use of
contraceptives and family planning, which consequently encourage a large population

(Akinyemi et al., 2015). Another factor leading to the high population growth in Nigeria is the
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illiteracy rate (Etebong, 2018; Onyeiwu, 2024). Reports of 2023-2024 Demographic and
Household Surveys (DHS) which was implemented by the National Population Commission (NPC)
with technical support from the Inner City Fund (ICF) International, Inc. and funded by the World
Health Organisation (WHO), United Nations Population Fund (UNFPA), Global Fund, Bill and
Melinda Gates Foundation (BMGF), and United States Agency for International Development
(USAID) revealed that the nation has population illiteracy of 71.3% for males and 52.7% for
females. Poor education policy will inadvertently lead to early marriage, low-income family
planning and poverty (National Population Commission - NPC and ICF, 2024). On the other hand,
comparing the level of education between urban and rural residents, the urban dwellers are well
educated, with about 69% of them possessing secondary or higher-level education. In contrast, in
rural settlements, only about 42% have formal education. The country is 54.28% urbanised, with a
5.63% urbanisation rate projected from 2015 to 2023. However, population distribution showed
that the South-West, South-East, and South-South, geopolitical zones had more population density

than the northern regions due to the high rate of urban development.

The Nigerian population constitutes principally young people between the ages of 0-14, which
make up about 42% of the population, with other age groups ranging from 15-64 years (55%) and
65 years — above (3%), making up the rest of the population. The median age that divided half of
the population into younger and older people, as estimated in 2024, is 17.9 years, with an estimated
total sex ratio of 1.06 males to one female at birth. Figure 1.11 describes the sex ratio with the age
structure from 0-100. In 2024, the crude birth rate is 35.68 births per 1,000 people, the death rate
1s 12.43 deaths per 1,000 people, and the net migration rate shows a decrease of 0.27 migrants per
1,000 people. However, the infant mortality rate in 2024 is high at an estimated total of 53.7 deaths
per 1000 persons, with an average life expectancy of 62.2 years at birth. The nation also recorded
an estimated total fertility rate (FTR) of 5.01 children born per woman, indicating a high FTR and
a low contraceptive prevalence rate of 27% in 2024. The total dependency ratio (individuals relying
on government, parents, and guardians for daily needs) as estimated in 2024 was 78.8 dependants
for every 100 non-dependants, showing a high dependency rate (National Population Commission

- NPC and ICF, 2024).
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Figure 1.11. A population pyramid summarising the age structure and sex ratio in Nigeria
for the year 2024.
(https://www.populationpyramid.net/nigeria/2024/)

The Nigerian population is diverse, with more than 300 ethnic groups and over than 500 languages
spoken, each reflecting distinct customs and traditions. Out of 300 ethnic groups, three main groups
make up a large part of the population: the Igbo at 18%, the Yoruba at 21%, and the Hausa-Fulani
at 29% (Agbaire and Dunne, 2024). The remaining ethnic groups make up a minority. They include
the Bini (1.05%), Tiv (2.5%), Efik-Ibibio (3.5%), Kanuri (4.0%), and Ijaw (10%). Many other
groups exist, totalling around 300 different ethnicities. The ethnic groups mentioned are the most
populous and prominent among the minority groups in Nigeria. Figure 1.12 gives an ensemble of
the most well-known ethnic groups in Nigeria based on their language and geographical location.
The Hausa-Fulanis are the most prominent ethnic group in the North, the Yorubas are numerous in
the West, and the Igbos are prominent in the East. However, based on the geopolitical zones, the
North-West is mainly occupied by the Hausa-Fulanis, with some presence in the Northeast and
North-Central. The Yorubas dominate the South-West, and the Igbos are primarily in the South-

East.
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Figure 1.12. Nigerian map displaying the regions dominated by the various ethnic groups
(https://www.legit.ng/1142953-major-tribes-nigeria-states.html)

The Hausa-Fulani tribe is the largest major ethnic group in Nigeria and Africa. The Hausa
language is the second most spoken language in Africa, following Arabic. The Hausa tribe
remained a distinct ethnic group until their conquest by the Fulani tribe during the Jihadist war led
by Usman Dan Fodio, leading to them mixing to form an inseparable ethnic group over a long
period (Smith, 2018). The Hausa-speaking people are also found in other parts of West Africa,
which include the following countries: Senegal, Ghana, Gambia, Gabon, Equatorial Guinea,
Eritrea, the Democratic Republic of Congo, Cdéte d'Ivoire, Chad, Central African Republic,
Cameroon, and Benin Republic. The states predominately occupied by the Hausa-Fulanis include
these states but are not limited to the following: Zamfara, Sokoto, Kebbi, Katsina, Kano, Kaduna,
and Jigawa. Satellite settlements of the Hausa-Fulani can also be found in Adamawa, Bauchi,
Borno, Niger, Plateau, and Taraba states (Batibo, 2005). A summary of the most predominant states

occupied by the Hausa-Fulanis is shown in Figure 1.13.
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Figure 1.13. Nigerian map displaying the predominant Hausa-Fulani states
(https://www.legit.ng/1176164-major-hausa-states-nigeria.html)

The Yoruba tribe is Nigeria's second-largest ethnic group. Many Y oruba-speaking people live in
other parts of West Africa, including Benin and Togo. The states predominantly occupied by the
Yorubas include these states but not limited to the following: Oyo, Osun, Ondo, Ogun, Lagos, and
Ekiti. Figure 1.14 shows the various states predominantly occupied by the Yoruba tribe. Satellite

settlements of the Yorubas can also be found in Kogi, Kwara, and Plateau states (Abimbola, 2006).
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Figure 1.14. Nigerian map showing the predominant Yoruba states
(https://www.naijahomebased.com/list-of-the-yoruba-states-in-nigeria-their-sizes/)
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The Igbo tribe is Nigeria's third-largest ethnic group. The Igbos mainly live in the following states
Imo, Enugu, Ebonyi, Anambra, and Abia. Figure 1.15 shows the homeland of the Igbo tribe,
describing the states and locations on the Nigerian map. Satellite settlements of the Igbos can also

be found in Delta, Rivers, and Benue (Ogbaa, 2003).

NIGERIA

Abuja ®

Figure 1.15. Nigerian map showing the predominant Igbo states
(https://www.semanticscholar.org/paper/)

The Ijaw tribe is Nigeria's fourth-largest ethnic group and the predominant ethnic group in the
country's South-South region. The Ijaw-speaking people have also been discovered as migrant
fishermen in riverine areas of Gabon and Sierra Leone. They are very predominant in Bayelsa State
but are also found scattered along the coastlines and intermixed with other minor ethnic groups in

Akwa-Ibom, Delta, Edo, Rivers, Ogun, and Ondo states (Ukeje and Adebanwi, 2008).

The Kanuri tribe is a minor ethnic group occupying the northeast of Nigeria and is currently the
fifth largest in the nation. The Kanuri people speak the Kanuri language, which is a dialect chain
expressed by northern Cameroon, western Chad, and the southeast Niger Republic. The Kanuri
people predominantly populate Borno State and are spread across Adamawa, Taraba, and Yobe

(Umar et al., 2011).

Efik-Ibibio is a common language spoken among the Annang, Ibibio, and Efik tribes, which share
similar culture and heritage. The Efik and Ibibio people live together peacefully along the coast of
Nigeria's South-South region. The Efik-Ibibio-speaking people are the sixth-largest ethnic group
in Nigeria, although other minor separate tribes claim to exist within this region or share a common

language. Some of them have been discovered as migrant fishermen in riverine areas of Gabon and
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Sierra Leone. They predominantly occupy two distinct states in Nigeria, viz. Akwa-Ibom and Cross

River (Omaka, 2014).

The Tiv tribe is among the minor ethnolinguistic groups populating the North-Central geopolitical
region of Nigeria. The Tiv or Tivoid languages, spoken by the Tiv ethnic group, are also spoken in
some parts of Cameroon. However, they are classified as a sub-family of the Southern Bantoid
language. The Tiv indigenes are farmers and depend on agriculture for commerce and livelihood.
They are intermixed with other minor ethnic groups in Benue and Taraba, with a few satellite

settlements in Plateau and Nasarawa (Dagba et al., 2013).

The Bini or Edo tribe is a significant ethnic group of the South-South geopolitical zone due to its
unique cultural importance in Nigeria. The Bini-speaking people are native to Edo State in Nigeria,
although a few settlements also speak the language in Bayelsa, Ekiti, Rivers and some neighbouring

West African countries, which include Togo, Ghana, and Benin Republic (Bradbury, 2017).

Nigeria is also internationally recognised as a religious country with three main recognised
religious groups being Christianity, Islam, and Traditional. The Christian community makes up
about 45% of the entire religious group, while the Islamic community makes up about 45%. The
Traditional religion accounts for the remaining 10%. Islam mostly dominates the northern regions,
with a few indigenous peoples practising Christianity, while the southern regions are primarily
Christian, with a handful practising Islam. Very few individuals still practice indigenous beliefs
such as the traditional religion or atheism (Kitause and Achunike, 2013). Among the three major
Nigerian ethnic groups, the Hausa-Fulanis are ethnoreligious and identify their ethnic group with
their religious affiliation. They are predominantly Muslims. The Yorubas define themselves based
on ethnicity but do not affiliate with a particular religion. They divide themselves among the
Christian and Muslim communities. The Igbos are ethnoreligious and affiliate their ethnicity with

the Christian religion (Osaghae and Suberu, 2005).

1.8 DNA DATABASES IN NIGERIA

1.8.1 NATIONAL DNA DATABASES

Nigerian legislators are considering the establishment of forensic DNA databases, which would
include a national and a population DNA database. These databases would help better use DNA
evidence in investigations involving convicts and non-convicts in the country (Nte, 2012). The
Federation of Nigeria has not established a fully operational national criminal DNA database for

forensic purposes, although legislative discussions and policy proposals have been ongoing.
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Legislative efforts to tackle sexual offences have led to the passing of important bills and the
creation of the Violence Against Persons (Prohibition) Act. This law sets clear guidelines for
prosecuting sexual offences and helps establish a system for registering sex offenders. (Osinuga,
2015). Some authors argue that the lack of a national forensic DNA database limits police
investigations, delays crime-solving, and makes it harder to achieve justice in Nigeria's criminal
justice system. (Etim-Osa and Etim-Osa, 2019). The World Population Review ranked the country
14th in 2025 for having the highest annual crime rate. It received a crime index score of 66.20 and
a safety index of 33.80 (World Population Review, 2025). Additionally, in 2024, the Global Peace
Index (GPI) ranked Nigeria 147th out of 163 independent nations for peacefulness (Institute for
Economics and Peace, 2024). The Nigerian Federal Government has not been active in setting up
a working national DNA database. This delay in progress is due to a lack of political commitment,

skilled workers, and funding (Etim-Osa and Etim-Osa, 2019; Aborisade et al., 2024).

Legal and institutional frameworks make it harder to create a national forensic DNA database.
When standards for collecting, packaging, documenting, and handling forensic evidence are
inadequate or inconsistently applied, it can reduce the usefulness of biological material. This, in
turn, can complicate its effective use in criminal investigations and prosecutions. These limitations
can make it harder for law enforcement and the courts to use forensic evidence effectively. This
may cause investigative delays and lower the reliability of the evidence. Without a national forensic
DNA database, these problems could make forensic science less effective in the criminal justice
system. Nevertheless, the Nigerian court is the last hope of regular people and still admits authentic
and reliable evidence. However, another major challenge lies with the resourcefulness of the
Nigerian Police, the country's chief prosecutor of crime (Iorliam, 2018). The Nigerian Police still
lack adequate skills, capability, competence, and sophisticated training to conduct a proper forensic
investigation (Nte, 2012). Moreover, the Nigerian Police Force was ranked as the worst and most
corrupt Police in the world globally in 2016, according to the reports of the World Internal Security
and Police Index (WISPI) and International Police Science Association (IPSA) (Esoimeme, 2019).
The lack of forensic evidence in many criminal cases has led to over-reliance on eyewitness
testimonies, which are sometimes biased and unreliable when the lawyers and prosecutors may
have been compromised with bribery and corruption (Akhiwu and Obaseki, 2014). Furthermore,
the Nigerian Police Academy in Kano State, which serves as the nation's central degree-awarding
institution for forensic training, is handled by basic science lecturers with little or no basic
foundation and training in forensic practice. This limitation has affected the creation a national
forensic DNA database for forensic practice in Nigeria (Otu and Elechi, 2018; Etim-Osa and Etim-
Osa, 2019; Aborisade et al., 2024).
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Along with the adverse dearth of the offenders' DNA database, the nation currently lacks a Disaster
Victim Identification (DVI) system. Most of the disasters experienced in the country are not natural
but artificial. The government has suffered from prison breaks, fire outbreaks, genocides, gas
inhalation, plane crashes, building collapses, derailments, explosions, and road accidents. A lot of
challenges were faced when identifying the victims because there was no DNA database for the
identification, resulting in most of them being given a mass burial (Obafunwa et al., 2015). A
handful of non-governmental organisations (NGOs) have advocated for establishing a national
forensic DNA database to facilitate standard practice in Nigeria. These NGOs include First Digital
and Tecno Law Forensic Company, Abuja; Sentinel Forensics, Abuja; Forensic Research and
Development Centre (FORDEC), Edo State; and Centre for Forensic Criminology and Legal
Research, Lagos State (Etim-Osa and Etim-Osa, 2019; Aborisade et al., 2024).

1.8.2 ALLELE FREQUENCY DATABASES

Several research studies have explored the short tandem repeat allele frequency for the autosomal
and sex chromosomes (Y-chromosome) in Nigeria. The data generated so far has established a
starting and reference point for analysing mutation rate and allele frequency databases in forensic
casework involving the Nigerian population. Most of the data provided is centred on the population
study of three major Nigerian ethnic groups: Igbo, Yoruba, and Hausa. However, limited data has

been recorded for other ethnic minorities in the country.

Hohoff et al. (2009) were the first to analyse samples collected from 337 Nigerian immigrants in
the United States. They used 16 STR loci in the Power ES Kit from Promega and the AmpF/STR
Identifiler, Profiler and SEFiler PCR amplification kits from Applied Biosystems. They also
discovered that the Nigerian population's genetic makeup did not differ from expected under the
Hardy-Weinberg Equilibrium (HWE). Hohoff et al. (2009) also pointed out that the FGA, D18S51,
and ACTBP2 (SE33) loci were the most informative STR markers with significant power of
discrimination (PD). Based on the calculated statistical parameters, the authors recommended the

16 STR loci for use in forensic casework and parentage testing within the Nigerian population.

Similar work was done by Agbo ef al. (2017) using a lower number of STR loci. The research
involved investigating 315 unrelated individuals within the populations of the foremost Nigerian
ethnic-linguistic groups involving twenty different communities across six distinct states: Igbo (7
communities), Yoruba (7 communities) and (6 communities) using the 15-loci in the AmpF/STR
™ [dentifiler™ Direct PCR Amplification Kit from the Applied Biosystem Inc. containing core

CODIS loci. The results revealed that seven loci conformed with the Hardy-Weinberg Equilibrium
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expectation. Furthermore, the pairwise comparison results from the population variance showed
that the Yoruba and Igbo ethnic-linguistic groups are much closer but very distinct from the Hausa

ethnic group.

Okolie et al. (2018) conducted research by sampling and analysing 364 unrelated people from the
three main ethnic groups in the country, of which 134 were Yorubas, 128 were Igbos, and 102 were
Hausas, using the primers provided by the 21 autosomal STR loci of the Qiagen™ Investigator
24plexGO! Kit for PCR amplification. The 21 STR loci containing SE33 and the 20 USA CODIS
loci revealed that these loci were very varied in the three ethnic groups and provided fundamental
information for studying gene diversity, human identification, and forensic testing in Nigeria. The
researchers noted that the SE33 locus significantly differed from the expectation of the Hardy-
Weinberg Equilibrium and attributed the result to sampling error. The Nigerian population showed
no significant difference from other neighbouring African populations in Kenya, Namibia,
Democratic Republic of Congo (DRC), Central African Republic (CAR), and Senegal using the
observed heterozygosity statistical parameter. Also, three novel variants were discovered in the
Hausa population, viz. allele 15.1 in marker D12S391 and alleles 16.1 and 29.1 in marker SE33
(Okolie et al., 2018).

Currently, a few researchers have studied the genetic diversity of Y-chromosome STR loci among
Indigenous individuals of specific ethnic groups in the Nigerian population to some extent. The
demographics and population structure of Nigeria have been analysed by Cole-Showers (2014)
using Y-chromosome markers (11 loci STR). The study collected 463 samples from unrelated male
grandfathers across five ethnolinguistic groups: [jaw, Bini, Yoruba, Igbo, and Hausa. The study
compared the genetic diversity of the Nigerian population with that of over 2,000 people from the
Middle East and Africa. The findings indicated that the Nigerian population shares a closer genetic
relationship with other populations in sub-Saharan Africa than those in the Middle East and North
Africa. This evidence challenges the hypothesis that most indigenous people from northern Nigeria

have origins in Middle East or the North Africa.

Likewise, Chiedozie and Isaac (2015) conducted a study to explore the genetic differences between
two men from the Igbo tribe in the southeastern region of Nigeria, specifically in Owerri's senatorial
province. They utilised the 16 Y-STR loci from the AmpFISTR® Y-filer kit, along with the
Amelogenin loci from the multiplex AmpFISTR® Identifiler kit and analysed the Hyper-Variable
Segment 1 of the D-loop mitochondrial DNA (mtDNA HVS-1). The findings indicated a
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significant ability to distinguish between the two Igbo males. Furthermore, the Y-STR data

suggested they likely share a common paternal ancestor from approximately 90 generations ago.

Similarly, Martinez et al. (2017) conducted a forensic study on 27 Y-STR markers found in the
Yfiler® Plus kit, using 142 samples from unrelated individuals representing the three prominent
Nigerian ethnic groups: Igbo, Yoruba, and Hausa. The study found that the haplotype diversity
from the 17 Y-STRs analysed with the Yfiler kit was slightly lower than that from the 27 Y-STRs.
They also observed a significant difference when comparing these results with those from five East
African populations, especially in Djibouti, Ethiopia, Eritrea, Kenya, and Somalia, regarding the

Y filer® Plus markers.

Fakorede et al. (2024) evaluated 461 saliva samples collected from unrelated males, which included
96 Igbos, 139 Hausas, and 226 Yorubas. They utilised 10 Y-STR markers in the UniQTyper™ Y-
10 system, comprising DYS626, DYS710, DYS612, DYS644, DYS518, DYS504, DYS481,
DYS449, DYS447, and DYS385ab. The analysis revealed that DYS626 exhibited the highest
allelic richness while DYS504 displayed the lowest. The study also reported the presence of
duplication and microvariant alleles. Additionally, the results identified 403 unique singletons, 430
haplotypes, and 27 shared alleles. Fakorede et al. (2019) also analysed blood samples collected
from 110 unrelated Yoruba males residing in Lagos in the southwestern region of Nigeria using
five Y-STR markers: DYS576, DYS490, DYS393, DYS392. The experiment showed that the
markers can successfully tell apart males of Yoruba descent. Also, these markers can be used in

paternity testing and forensic investigations.

A few other researchers have conducted forensic DNA investigations using markers other than
short tandem repeats (STRs), but there is limited population data available in Nigeria for
insertion/deletion polymorphisms (indels) and mitochondrial DNA (mtDNA). Furthermore, next-
generation sequencing has not been extensively researched in the Nigerian population. A study on
INDEL polymorphisms in Nigeria was conducted by Du ef al. (2017) using 30 INDEL loci from
the Qiagen™ Investigator DIPplex kit. The findings indicated that the population adhered to the
Hardy-Weinberg Equilibrium for nearly all markers except for the HDL97 locus. However, the
INDEL dataset is not ideal for paternity testing in Nigeria, especially when excluding individuals.
However, it can still be used as an additional tool for paternity testing. The findings on combined
discrimination power and average observed heterozygosity indicate that indels may work well for

forensic identification in Nigeria.
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1.9  AIMS AND OBJECTIVES OF THE STUDY

The universal aim of this project is to evaluate the effectiveness of various forensic genetic markers
within the Nigerian population. This will involve the analysis of two autosomal Short Tandem
Repeat (STR) kits: the GlobalFiler™ Express PCR Amplification Kit and the QIAGEN™
Investigator ESSplex SE QS Kit. The QIAGEN™ Investigator ESSplex SE QS Kit was selected
because it is a well-validated forensic STR multiplex system that provides sensitive, reliable
amplification of autosomal STR loci, ideal for forensic and population genetics applications. The
GlobalFiler™ Express PCR Amplification Kit was selected for its inclusion of all CODIS core loci,
and compatibility with international forensic DNA databases, allowing for global dataset
comparisons and supporting forensic casework and genetic studies. Additionally, Y-STR data will
be generated using the Promega PowerPlex® Y23 System Kit to study the population genetics of
unrelated Nigerian individuals from three distinct ethnic groups: Igbo, Yoruba, and Hausa-Fulani.
The results from analysing the autosomal STR kits will be used to recommend the most appropriate
STR kit for forensic DNA analysis in Nigeria. Furthermore, this research will assist in selecting
the best kit for creating an offender DNA database and provide essential allele frequency data for

the diverse population groups involved.

The comprehensive aim and objectives for each chapter in the project are outlined below:

Chapter 3

This research aims to analyse the population genetics of 303 unrelated Nigerian individuals from
three ethnic groups: Yoruba, and Hausa-Fulani, and Igbo using 16 autosomal STR markers from
the 17-locus Qiagen™ Investigator ESSplex SE QS Kit. Notably, this kit's evaluation has not been

reported previously for the Nigerian population.

The specific objectives are as follows:

1. Perform STR genotyping for this kit and evaluate any STR off ladders allele calls.

2. Generate STR allele frequency data to create an allele frequency database for each
subpopulation and the entire population.

3. Evaluate forensic parameters for each subpopulation and the entire population, assess the
effectiveness of the kit used, and determine its suitability for forensic work in Nigeria.

4. Compare the genetic structure within populations and examine the relationships between the

different subpopulations.
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Chapter 4

This study aims to evaluate the population genetics of 303 unrelated Nigerian individuals from
three ethnic groups: Yoruba, and Hausa-Fulani, and Igbo. The evaluation will utilise 21 autosomal
STR markers from the 24-locus GlobalFiler™ Express PCR Amplification Kit (Life
Technologies), which will be reported for the first time for the Nigerian population. The second
aim is to access the genetic information and examine how it aligns with the data presented in

Chapter 3, contributing to the existing genetic information for the Nigerian population.

The research objectives are as follows:

1. To generate allele frequency data that will contribute to developing an allele frequency database
for each sub-population group and the overall population.

2. To determine forensic parameters for each subpopulation and the overall population and assess
the kit's effectiveness and forensic utility.

3. To compare the inter-subpopulation genetic structure and examine the relationships between the
sub-populations.

4. To compare the genetic data generated by the GlobalFiler™ Express PCR Amplification Kit
with that from the Qiagen™ Investigator ESSplex SE QS Kit, and to assess the concordance of
results for loci common to both kits

5. Recommend the most suitable STR kit for establishing a forensic DNA database in Nigeria.

Chapter 5

This research aims to evaluate the population genetics of 167 unrelated male individuals from three
Nigerian ethnic groups: Yoruba, and Hausa-Fulani, and Igbo. The study utilized 23 Y-STR markers
from the Promega PowerPlex® Y23 System Kit. It is noteworthy that the evaluation of this kit has

not been previously reported for the Nigerian population.

The research objectives are as follows:

1. Generate Y-STR profiles and allele frequency data to create a database for each ethnic group
and the overall population.

2. Ascertain forensic parameters for each ethnic group and the overall population while evaluating
the kit's effectiveness.

3. Evaluate the genetic structure within each population and examine the relationships between the

different ethnic groups.
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Chapter 6

This investigation aims to analyse genetic relationships between the Nigerian population (Igbo,

Yoruba, and Hausa-Fulani sub-populations) and diverse populations worldwide, utilising

autosomal STR and Y-STR data. To our knowledge, no prior study has comprehensively compared

the Nigerian population—comprising the Igbo, Yoruba, and Hausa-Fulani ethnic groups—with

other global populations: South America, North America, Europe, Asia, and Africa. This study

uniquely employs autosomal STR and Y-STR data within a unified framework that includes

STRUCTURE analysis, Fsr, Rsr, Nei's genetic distance, Multi-Dimensional Scaling (MDS),

Analysis of Molecular Variance (AMOVA), and Neighbour-Joining (NJ) methods.

The research objectives are as follows:

1. To examine how the Nigerian population differs from other populations worldwide using
autosomal STR data with STRUCTURE analysis.

2. To calculate the genetic divergence and differentiation of the autosomal STR using Nei's genetic
distance and Fsrbased genetic distance method, respectively.

3. To assess the genetic differentiation of Y-STR data among populations using Slatkin’s Rsr based
genetic distance method.

4. To conduct a comparison of the Nigerian population with other populations using MDS analysis
based on autosomal STR and Y-STR data.

5. To analyse and visualise the relationships between the Nigerian population and other global
populations using NJ analysis based on autosomal STR and Y-STR data.

6. To quantify and partition genetic variation within and among populations in the autosomal STR

and Y-STR datasets using AMOVA, and to assess their genetic structure and differentiation.
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CHAPTER TWO
MATERIALS AND METHODS

2.1  OVERVIEW

Processes involved in the methodology of this project are detailed in this chapter. The method
consists of sample collection, experimental procedures, and statistical evaluation. Before lab work,
personal protective equipment (nitrile gloves, safety glasses, face masks, Howie style lab coats)
were worn to minimise the risk of contamination. Distel disinfectant was used to clean benches and
surfaces before and after each session to decontaminate the laboratory area of human DNA.
Equipment, like adjustable micropipettes, was cleaned with 75% alcohol to avoid cross-

contamination from exogenous DNA.

2.2 ETHICAL APPROVAL, SAMPLE COLLECTION AND PRESERVATION

The Departmental Ethics Committee (DEC) of the Department of Pure and Applied Chemistry at
the University of Strathclyde in Glasgow granted ethical approval for the study, with Approval
Reference Number DEC19/PACO1. The blood samples of 303 unrelated individuals (167 males
and 136 females) from the Nigerian population were collected in Nigeria and the United Kingdom.
An initial collection involving 150 unrelated individuals was conducted in various organisations
(details below) across the three geopolitical zones: North-Central, South-East, and South-West in

Nigeria to capture individuals of Hausa-Fulani, Yoruba, and Igbo, respectively.

Before sample collection, permission was obtained from the organisation's management via a
sample collection request letter (Appendix 3). Volunteers were provided with participant
information sheets to understand the importance and nature of the experiment and consent forms
to sign (Appendices 1 and 2) for the blood sample collection. The information of the sample donors
was anonymised by labelling each sample with a numeric code during the experiment. In the South-
East, volunteers were recruited from the Federal University of Technology in Owerri, Imo State
and from the Federal Medical Centre in Umuahia, Abia State. In the South-West, volunteers were
recruited from students and patients from Yaba College of Technology, Yaba, Lagos State and
Health Centre Laboratory, Osogbo, and Osun State, respectively. In the North Central, donors came
from members and students of the Central Mosque, Abuja, Federal Capital Territory and Nasarawa
State University, Keffi, Nasarawa State, respectively. Participants were also given verbal

explanations of the procedures for collecting the blood samples.
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In the United Kingdom, 153 blood samples were collected from Nigerian students studying at the
University of Strathclyde, University of Glasgow, Glasgow Caledonian University, and University
of Leicester. Volunteers were issued participant information sheets to read and understand the
importance and nature of the experiment. Consent forms were also issued afterwards for the donors
to sign and return. Participants were given verbal explanations of the procedures for collecting the

blood samples.

During blood sample collections, donors’ fingertips were cleaned and sterilised with an alcohol
wipe before and after a puncture to reduce infection hazards. Sterile plasters were also administered
to dress the punctured area and to stop bleeding. Sterile lancets (Sinocare Sinodraw® Soft Twist
Lancets, SteriLance Medical Inc, Suzhou, China) were used to prick fingers, and four to six drops
of blood were placed in the printed circle area of an FTA® card (QIAcard FTA Classic, QIAGEN

GmbH, Germany). FTA® cards were left at room temperature for two to three hours to dry.

In total, 303 blood samples were collected from unrelated individuals within the three major ethnic
populations in Nigeria: 102 Igbos, 101 Yorubas, and 100 Hausa-Fulanis. Blood samples preserved
on FTA cards are considered safe to transport as the chemicals impregnated into the card inactivate
any pathogens on the card, stabilising the DNA and protecting it from degradation (Krambrich et
al., 2022). The cards were therefore transferred to the Centre for Forensic Science, University of

Strathclyde, Glasgow, for DNA profiling.

2.3  DNA PROFILING USING SHORT TANDEM REPEAT MARKER

Blood preserved on the FTA® Cards was prepared using a Harris Uni-Core Micro-Punch®
(1.2mm) on a sterile cutting mat (GE Healthcare Life Science, UK). The punch cutting edge and
the cutting mat were cleaned and sterilised using 75% alcohol (Fisher Scientific, International Inc.)
to avoid cross-contamination from blood samples before and after a punched disc was taken from
a blood spot. During the processes of DNA extraction, quantification, and amplification, reaction
mixtures were prepared in areas distinct from those used for DNA extraction and the analysis of
post-PCR  products. Disposable tips (Elkay Manufacturing Company, USA) containing

hydrophobic filters were used to minimise risks of cross-contamination.

This project used two methods for DNA profiling: the direct PCR amplification technique and the
standard DNA extraction, quantification, and PCR amplification technique. The amplified PCR
products of each method were profiled using capillary electrophoresis on an Applied Biosystems

3500 Genetic Analyzer (Thermo Fisher Scientific, WA, USA) for the detection and separation of
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the DNA fragments. The generated capillary electrophoresis data was interpreted using

GeneMapper® ID-X software version 1.6 (ThermoFisher Scientific, WA, USA).

2.3.1 DNA EXTRACTION

DNA was extracted from blood samples using a solid-phase extraction technique, following the
extraction protocol from the Qiagen QIAamp DNA Investigator Kit (QIAGEN N.V., Hilden,
Germany). The process can be summarised as follows: Five to six punches were taken from blood
samples on FTA cards and transferred into appropriately labelled 1.5 mL microcentrifuge tubes
(Elkay Manufacturing Company, USA) and in each tube added 400 uL of ATL buffer and 20 pL
of Proteinase K. The samples were vortexed for 10 s and then incubated at 56°C for 60 min,
followed by a brief centrifugation. Subsequently, 400 uL of AL buffer was added to the samples,
which were then vortexed for another 10 s and incubated at 70°C for 10 min. After this, 200 pL of
95-100% ethanol (Fisher Scientific, International Inc.) was added, followed by vortexing and brief
centrifugation. Finally, the supernatant was pipetted into a spin column and centrifuged at 8,000

rpm (= 5,700 x g) for 1 min (QIAamp® DNA Investigator Handbook, 2020).

The spin column was placed into a new collection tube, the previous collection tube was discarded,
and 500 pL of AW1 buffer was added before centrifugation at 8,000 rpm (= 5,700 x g) for 1 min.
The spin column was then transferred to a fresh collection tube, and 700 uL of AW2 buffer was
added before centrifugation for 1 min at 8000 rpm (= 5,700 % g). The spin column was moved to a
new collection tube again, and 700 pL of 95-100% ethanol (Fisher Scientific, International Inc.)
was added, followed by another centrifugation for 1 minute at 8000 rpm. The spin column was then
placed in a fresh collection tube and dried by centrifugation for 3 min at 13000 rpm. After that, the
spin column was transferred to a new 1.5 mL tube, and 100 pL of elution (ATE) buffer was added.
This mixture was incubated for 3 min at 56°C. Following the incubation, the extract was
centrifuged for 1 minute at 13000 rpm and then stored in a refrigerator at 4°C until the next step,

according to the QIAamp® DNA Investigator Handbook (2020).

2.3.2 DNA QUANTIFICATION

DNA was quantified using the Qiagen Investigator Quantiplex Kit (QIAGEN N.V., Hilden,
Germany) and amplified through quantitative real-time PCR with the Qiagen Rotor-Gene Q 5-plex
thermocycler, following the manufacturer’s instructions with some modifications outlined below.
The Qiagen Investigator Quantiplex system accurately quantifies DNA within the 0 to 20 ng/uL
concentration range. To achieve this range, DNA extracts were diluted 1:10 with deionized water.

Fresh serial dilutions of the Male Control DNA M1 sample (provided at a concentration of 50

58



ng/ul. with the kit) were prepared, as detailed in Table 2.1, to create a standard curve for

determining the concentration of the test samples.

Table 2.1.

Dilution series of the Male Control DNA M1 for plotting standard curve
using the QIAGEN™ Investigator Quantiplex kit

Serial dilution of Control DNA M1 QuantiTect Nucleic
control DNA M1 (L) Acid Dilution buffer
ng/puL) (uL)
20 Undiluted DNA -
5 10 30
1.25 10 30
0.3125 10 30
0.078125 10 30
0.01953125 10 30
0.0048828125 10 30
No Template Control - Only buffer

The Male Control DNA M1 was serially diluted 1:4, starting from an undiluted concentration of
20 ng/uL to a no-template control (zero DNA concentration). A master mix of 11.5 pL was
prepared, consisting of 5.75 pL of Reaction Mix FQ and 5.75 pL of Primer Mix IC FQ. This master
mix was combined with 1 pL of the test sample (or the dilution series of Male Control DNA M1)
ina 0.1 mL tube (QIAGEN N.V., Hilden, Germany) and sealed. The tubes were then placed in the
QIAGEN Rotor GeneQ qPCR thermocycler to amplify the DNA according to the conditions
outlined in Table 2.2 below.

Table 2.2. Cycling conditions of QIAGEN Rotor GeneQ real time PCR thermocycler

Time (seconds) Number of cycles

Temperature (°C)

Taq polymerase activation 95

Denaturation 95 5 40

Combined annealing/ extension 60 10

The fluorescence level was measured during each cycle of the qPCR run. Using Q-Rex software, a
standard curve was generated by plotting the quantification cycle (Cq) values against the logarithm
of known DNA concentrations. This curve enabled the estimation of DNA concentrations in
unknown samples by comparing their Cq values to the standard curve. The Cq represents the
number of cycles the fluorescent signal needs to surpass the background level or cross the threshold

(Investigator® Quantiplex Handbook, 2018).
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2.4 AUTOSOMAL STR PROFILING USING QIAGEN™ INVESTIGATOR
ESSPLEX SE QS KIT

Using standard and direct PCR amplification methods, this experiment employed STR markers

from the 17-locus Qiagen™ Investigator ESSplex SE QS Kit to create DNA profiles from blood

samples. Blood samples that posed challenges for direct PCR amplification were processed using

standard PCR, including DNA extraction and quantification, to obtain complete STR profiles.

2.4.1 STANDARD PCR AMPLIFICATION

The STR loci were amplified using multiplex PCR kits, which allowed for the simultaneous
analysis of multiple loci in one reaction. The extracted DNA was first amplified with the
QIAGEN™ Investigator ESSplex SE QS Kit (QIAGEN N.V., Hilden, Germany) (Table 2.3). This
kit targets 16 STR loci along with the Amelogenin sex chromosome marker, employing four-colour

fluorescent detection (6-FAM, BTG, BTY, and BTR) (Investigator® ESSplex SE QS Handbook

(2021).

Table 2.3. List of loci incorporated in the QIAGEN™ Investigator ESSplex SE QS Kit
with the dye labels and alleles present in the allelic ladder
Locus Matrix Dye Allelic Ladder Repeat Numbers
Standard  Colour

QS1 6-FAM Blue S, Q

Amelogenin ~ 6-FAM X, Y

THO1 6-FAM 4,5,6,7,8,9,9.3,10,10.3,11, 13,133

D3S1358 6-FAM 9,10,11,12,13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24

VWA 6-FAM 11,12,13,14,15,16, 17, 18, 19, 20, 21, 22, 23, 24

D21S11 6-FAM 24,24.2,25,26,26.2,27,28,28.2,29,29.2, 30,30.2, 31, 31.2, 32, 32.2, 33, 33.2, 34, 34.2, 35,
35.2,36,36.2,37, 38

Qs2 6-FAM Q.S

D16S539 BTG Green 5,8,9,10,11,12,13, 14,15

DI1S1656 BTG 9,10, 11, 12,13, 14, 14.3, 15, 15.3, 16, 16.3, 17, 17.3, 18, 18.3, 19.3, 20.3

D195433 BTG 6.2,8,9,10,11,12,12.2,13,13.2, 14, 14.2,15,15.2,16,16.2,17, 17.2

SE33 BTG 3,42,63,8,9,10,11,12,13,13.2, 14, 14.2, 15,152, 16, 17, 18, 18.2, 19, 19.2, 20, 20.2, 21,
21.2,22,22.2,23.2,24.2,25,25.2,26.2,27.2,28.2,29.2,30.2, 31, 31.2,32,32.2, 33, 33.2, 34,
342,35, 36,362, 37, 38, 39, 42

D10S1248  BTY Yellow/ 8,9, 10, 11, 12,13, 14, 15, 16, 17, 18, 19

Black

D22S1045  BTY 8,9,10,11,12,13, 14,15, 16,17, 18, 19

D12S391 BTY 14,15,16,17,17.3, 18, 18.3, 19, 20, 21, 22, 23, 24, 25, 26, 27

D8S1179 BTY 7,8,9,10,11,12,13, 14,15, 16,17, 18, 19

D2S1338 BTY 12,14,15,16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28

D2S441 BTR Red 8,9,10, 11, 11.3, 12, 13, 14, 15, 16, 17,

DI8S51 BTR 8,9,10,10.2, 11,12, 13,13.2, 14, 142, 15,16, 17, 172, 18, 18.2, 19, 20

FGA BTR 14,16,17,18,18.2, 19, 19.2, 20, 20.2, 21, 21.2, 22, 22.2, 23, 23.2, 24, 24.2, 25, 25.2, 26, 27, 28,

29,30,31.2,33,34,37.2,42.2,43.2,44.2,45.2,46.2,47.2,48.2,50.2,51.2
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The Investigator ESSplex SE QS Kit includes internal PCR controls, known as "Quality Sensors"
(QS1 and QS2), which help monitor assay performance, ensure that quality standards are met, and
detect the presence of PCR inhibitors in the sample. Details on the STR Kkits' loci, accession

numbers on GenBank®, repeat sequence motifs, and cytogenetic locations are in Table 2.4

(Investigator® ESSplex SE QS Handbook, 2021).

Table 2.4.

Genetic marker-specific details for the QIAGEN™ Investigator ESSplex SE

QS Kit with GenBank® accession numbers, repeat sequence motifs, and cytogenetic location

Locus/ GenBank® Core Repeat Motif Chromosomal
Maker Accession Number Location
Amelogenin X M55418 Non-STR (Iength polymorphism) Xp22.1-22.
Amelogenin Y M55419 Non-STR (length polymorphism) Ypll.2
THO1 [TC11] D00269 [AATG] 11pl5.5
D3S1358 11449919 [TCTA] 3p25.3
vWA M25858 [TCTA] 12p13.31
D21S11 AP000433 [TCTA] 21q21.1
D16S539 G07925 [GATA] 16q24.1
D1S1656 NC 000001.9 [TAGA] 1g42
D19S433 G08036 [AAGG] 19q12
SE33 [ACTBP2]  NG000840 [AAAG] 6ql4.
D10S1248 AL391869 [GGAA] 10g26.3
D22S1045 AL022314 [GGAA] 22q12.3
D12S391 G08921 [AGAT] 12p13.2
D8S1179 G08710 [TCTA] 8q23.1-23.2
D2S1338 G08202 [TGCC] 2q35
D2S441 AL079112 [TCTA] 2pl4
D18S51 L18333 [AGAA] 18q21.3
FGA [FIBRA] M64982 [TTTC] 4q28.2

PCR amplification was conducted using the Sure Cycler 8800 thermal cycler (Agilent
Technologies, Santa Clara, USA). The DNA amplification was performed according to the
manufacturer's recommended protocol, with some adaptations. The PCR kits have an optimal input
quantity of 0.25 ng (ranging from 0.1 to 1 ng). The optimal DNA input concentration for a 5 pL
reaction is 0.05 ng/uL (ranging from 0.02 to 0.2 ng/uL). Based on the qPCR results, diluting the
DNA extracts with nuclease-free water may be necessary before amplifying. Nuclease-free water
was used as a negative control, while Control DNA 9948 (included with the kit) was a positive
control. For each sample, a PCR master mix was prepared in half-volume reactions (12.5 puL) by
mixing 3.75 puL of Fast Reaction Mix, 1.25 pLL of Primer Mix, and 7.5 pL of a mixture containing

the DNA extract and water, according to the appropriate dilution. The STR amplification was
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executed following the protocols specified in Table 2.5 below (Investigator® ESSplex SE QS
Handbook, 2021).

Table 2.5. DNA amplification cycling protocol for samples taken from blood deposited
on FTA cards, using the QIAGEN™ Investigator ESSplex SE QS Kit
Step Temperature (°C) Time (seconds) Number of cycles

Denaturation and ‘hot 98 30 3
start’ for Taq polymerase
Primer annealing 64 55

Primer extension 72 5

Denaturation 96 10 27
Primer annealing 61 55
Primer extension 72 5

Adenylation 68 120 1

2.4.2 DIRECT PCR AMPLICATION

The manufacturer's recommended protocol for this project was specific for directly amplifying the
STR markers from blood sample punches stored on the FTA card (Direct Amplification of DNA
using the Investigator ESSplex SE QS Kit, 2021). The master mix was prepared using reduced-
volume (half-volume) PCR reactions as specified in Table 2.6 (Direct Amplification of DNA using
the Investigator ESSplex SE QS Kit, 2021).

Table 2.6. Direct PCR master mix formulation using the QIAGEN™ Investigator

ESSplex SE QS Kit
Component Volume per reaction (uL) ‘
Fast Reaction Mix 2.0 3.75
Primer Mix 1.25
Investigator STR GO! Punch Buffer 2.00
Nuclease-Free Water 5.00
Total reaction volume per sample 12.00

The reason for using reduced volumes was practical and economical, as there was a limited supply

of the kit for many samples. In addition, it was cost-efficient as using reduced volume allowed the

researcher to minimise the overall expenditure. The PCR master mix (12.0 uL) was prepared for

each sample as described in Table 2.6. The master mix was combined thoroughly, and 12.0 uL of

the mixture was carefully dispensed into 0.2 mL PCR tubes (Elkay Manufacturing Company, USA)
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for each sample. The Investigator STR GO! Punch Buffer was incorporated into the master mix to
facilitate the cells' lysis and the DNA release into the PCR mixture. Additionally, it creates a
chemical environment that allows DNA polymerase to effectively access and amplify the DNA,
even in the presence of potential inhibitors from the sample matrix, such as paper stains. The Harris
Uni-Core Micro-Punch® 1.2 mm was used to take a 1.2 mm disc from the centre of the blood
sample spot on the Whatman® FTA® Cards and transferred to each PCR reaction. The positive
control, a 2.0 uL template DNA solution containing Control DNA (5ng/L), was added in a separate
PCR reaction with the same volume as the sample PCR. The negative control (PCR reaction with
no blank FTA Card disc, water, or template DNA) was also prepared in separate PCR tubes. The
reactions in the PCR tubes were briefly centrifuged for 20 seconds to ensure that the punch discs
were fully submerged. PCR cycling was performed using an Agilent SureCycler 8800 thermal
cycler (Agilent Technologies, Santa Clara, USA), following the manufacturer's instructions as
outlined in Table 2.7 (Direct Amplification of DNA using the Investigator ESSplex SE QS Kit,
2021).

Table 2.7. DNA amplification cycling protocol for samples taken from blood deposited
on FTA cards, using the QITAGEN™ Investigator ESSplex SE QS Kit

Step Temperature (°C)  Time (seconds)  Number of cycles

Denaturation 22
Primer annealing 61 55

Primer extension

After completion of the protocol, the PCR products were stored in the freezer at -15°C to -30°C
and protected from light. The reaction was left in the freezer for at least 24 hours and thawed before
proceeding to capillary electrophoresis. According to the manufacturer's protocol, the PCR
products can be maintained at 10°C in the thermal cycler before proceeding directly to capillary
electrophoresis or stored at -20°C if the electrophoresis is not conducted immediately. However, it
was discovered that the longer the direct PCR product remained in the thermal cycler after the
programme ended seemed to have negatively impacted the quality of the resulting DNA profiles
produced after capillary electrophoresis. The reason could be that PCR amplicons are optimally
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stable at lower temperatures ranging from -20°C to 4°C (Aslam et al., 2023). At these lower
temperatures, stability is preserved by minimising enzymatic activity and reducing the risk of
degradation. Therefore, instead of leaving the PCR products in the thermal cycler, they were
promptly removed and snap-frozen at -15°C to -30°C, then thawed before proceeding to capillary
electrophoresis (Direct Amplification of DNA using the Investigator ESSplex SE QS Kit, 2021).

2.4.3 CAPILLARY ELECTROPHORESIS

After the STR amplification, the resulting products, known as amplicons, were analysed using an
Applied Biosystem 3500 Genetic Analyzer (Thermo Fisher Scientific) capillary electrophoresis
(CE) instrument. Detection was performed through fluorescence, utilizing a fluorescent dye
attached to the amplicons' PCR primers. The alleles were separated based on their size, which was
determined using an internal lane standard, DNA Size Standard 550 (BTO) (QIAGEN N.V.), added
to each PCR product. The allelic ladder ESSplex SE QS (QIAGEN N.V.) was included in each
run/injection and was processed concurrently as a separate sample alongside the PCR products to

facilitate accurate allele calls.

A formamide-internal lane standards master mix (10 uL) was prepared by mixing 9.6 uL of Hi-
Di™ Formamide (Thermo Fisher Scientific) with 0.4 uL of Size Standard 550 (BTO). This master
mix was added to a 1 uL amplified DNA sample (or allelic ladder) in a half-skirted 96-well plate
(Thermo Fisher Scientific). The DNA was denatured by incubating it in a 2720 Thermal Cycler
(Thermo Fisher Scientific) at 96°C for 3 minutes. After denaturation, the mixture was snap-frozen
in a freezer for another 3 minutes before being placed in the autosampler of the CE instrument,

where it was automatically injected (Investigator® ESSplex SE QS Handbook, 2021).

2.44 DATA INTERPRETATION

The generated capillary electrophoresis data was interpreted by the GeneMapper® ID-X software
version 1.6 (Thermo Fisher Scientific) for genotyping, following the manufacturer's instructions.
This process involved calculating the sizes of PCR amplicons in base pairs with the help of the
relevant internal size standard and determining allele calls using the allelic ladder, as outlined in
the Investigator® ESSplex SE QS Handbook (2021). Figure 2.1 displays the electropherogram of
the Allelic Ladder ESSplex SE QS. A calibration curve produced from the internal lane standard
fragment containing 24 fragments of known length labelled (see Figure 2.2) using an orange dye
was applied to determine the fragment sizes for all amplicons (Investigator® ESSplex SE QS
Handbook, 2021).
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Figure 2.1.  The electropherogram presents the Allelic Ladder ESSplex SE QS, which was

analysed using the Applied Biosystems 3500 Genetic Analyzer.

Figure 2.2. displays the electropherogram of the DNA Size Standard 550 (BTO). It shows the data

point plotted against the known fragment length. The analytical threshold was fixed at 150 RFU,

with a 75% heterozygote peak balance threshold applied. Peaks that fell below this analytical

threshold were not included in the analysis. Stutter peaks were automatically identified and flagged

by the GeneMapper software using allele- and locus-specific stutter thresholds built into the

analysis

method. Peaks that measured lower than 15% of the associated parent allele height were

classified as stutter and excluded from allele calling. Any peaks detected during the environmental

DNA background check or identified as artefacts (e.g., spikes) were discarded from the final DNA
profile. (Investigator® ESSplex SE QS Handbook, 2021).
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Figure 2.2.  The electropherogram presents the DNA Size Standard 550 (BTO), which

indicates the lengths of fragments in base pairs (bp).
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2.5 AUTOSOMAL STR PROFILING USING GLOBALFILER™ EXPRESS PCR
AMPLIFICATION KIT

Using standard and direct PCR amplification, this experiment used STR markers from the 24-locus

GlobalFiler™ Express PCR Amplification Kit to generate DNA profiles from blood samples.

Blood samples that were difficult to amplify with direct PCR were processed with standard PCR,

which included DNA extraction and quantification, to obtain complete STR profiles.

2.5.1 STANDARD PCR AMPLIFICATION

GlobalFiler™ Express PCR Amplification Kit (Thermo Fisher Scientific) is a STR multiplex PCR
kit used to amplify 21 autosomal STR markers, a Y-linked indel locus, a Y-STR, and the
Amelogenin sex chromosome locus (Table 2.8). The PCR kit allowed for simultaneous

amplification of multiple loci using five-colour fluorescent detection (6-FAM™ | VIC™,

TAZ™, and SID™) (GlobalFiler™ Express PCR Amplification Kit User Guide, 2020).

Table 2.8. Loci in the GlobalFiler™ Express PCR Amplification Kit with dye colours
and alleles present in the allelic ladder

Locus Dye Label Dye Colour  Alleles incorporated in the Allelic Ladder

D3S1358 6-FAM™ Blue 9,10, 11, 12,13, 14, 15, 16, 17, 18, 19, 20

VWA 6-FAM™ 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24

D16S539 6-FAM™ 5,8,9,10,11,12, 13,14, 15

CSF1PO 6-FAM™ 6,7,8,9,10,11, 12,13, 14, 15

TPOX 6-FAM™ 5,6,7,8,9,10, 11,12, 13,14, 15

Y indel VIC™ Green 1,2

Amelogenin VIC™ X, Y

D8S1179 VIC™ 5,6,7,8,910,11,12,13, 14, 15, 16, 17, 18, 19

D21S11 VIC™ 24,24.2,25,26,27,28,28.2,29,29.2, 30,30.2,31,31.2,32,32.2, 33, 33.2, 34, 34.2, 35,35.2,
36,37, 38

D18S51 vVIC™ 7,9,10,10.2,11,12,13,13.2, 14, 14.2, 15, 16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27

DYS391 VIC™ 7,8,9,10,11,12, 13

D22S1045 TAZ™ Red 8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19

D5S818 TAZ™ 7,8,9,10,11,12,13,14, 15,16, 17, 18

D13S317 TAZ™ 5,6,7,8,9,10,11, 12,13, 14, 15, 16

D7S820 TAZ™ 6,7,8,9,10,11, 12,13, 14, 15

SE33 TAZ™ 42,63,8,9,11,12,13,14, 15, 16, 17, 18, 19, 20, 20.2, 21, 21.2,22.2,23.2,24.2,25.2,26.2,
27.2,28.2,29.2,30.2,31.2,32.2,33.2, 34.2, 35,35.2, 36, 37

D10S1248 SID™ Purple 8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19

D1S1656 SID™ 9,10, 11,12, 13,14, 14.3, 15, 15.3, 16, 16.3, 17, 17.3, 18.3, 19.3,20.3

D12S391 SID™ 14, 15,16, 17, 18, 19, 19.3, 20, 21, 22, 23, 24, 25, 26, 27

D2S1338 SID™ 11,12,13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28
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Table 2.9 contains the loci of the GlobalFiler Express kits, GenBank® accession numbers, repeat
sequence motifs, and chromosomal location, for the GlobalFiler™ Express PCR Amplification Kit

(GlobalFiler™ Express PCR Amplification Kit User Guide, 2020).

Table 2.9. Locus-specific information for the GlobalFiler™ Express PCR Amplification
Kit with GenBank accession numbers, repeat sequence motifs, and cytogenetic location.

Locus GenBank® Repeat Motif of the Chromosomal
Designation Accession Number  Reference Allele Location
D3S1358 11449919 [TCTA] 3p21.31
vWA M25858 [TCTA] 12p13.31
D16S539 G07925 [GATA] 16q24.1
CSF1PO X14720 [AGAT] 5q33.3-34
TPOX M68651 [AATG] 2p23-2pter
Y indel N/A Non-STR (indel marker) Yqll1.221
Amelogenin X M55418 Non-STR (length polymorphism) Xp22.1-22.3
Amelogenin Y M55419 Non-STR (length polymorphism) Ypll.2
D8S1179 G08710 [TCTA] 8q24.13
D21S11 AP000433 [TCTA] 21ql.2-q21
D18S51 L18333 [AGAA] 18q21.33
DYS391 ACO011302 [TCTA] Yqll.21
D22S1045 AL022314 [ATT] 22ql12.3
D5S818 G08446 [AGAT] 5q21.31
D13S317 G09017 [TATC] 13q22-31
D7S820 G08616 [GATA] 7q11.21-22
SE33 NG000840 [AAAG] 6ql4
D10S1248 AL391869 [GGAA] 10926.3
DI1S1656 NC 000001.9 [TAGA] 1q42.2
D12S391 G08921 [AGAT] 12p13.2
D2S1338 G08202 [TGCC] 2q35

The Sure Cycler 8800 thermal cycler (Agilent Technologies, Santa Clara, USA) was used to
perform standard PCR amplification using the manufacturer's recommended protocol for DNA
amplification with modifications (GlobalFiler™ Express PCR Amplification Kit User Guide,
2020). The PCR kit has an optimum input quantity of 0.25 ng (0.1-1 ng), of which, for a 3 uL input,
an optimum DNA input concentration will be 0.083 ng/uL (0.02-0.2 ng/uL). DNA extracts that
required dilution based on qPCR quantification results were diluted with nuclease-free water prior
to amplification. Before preparing the PCR reaction mix, all components stored at -20°C were
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thawed and vortexed. After their initial use, these PCR components were placed in a refrigerator at
2°C to 8°C. The master mix additive reagent was then added to the master mix and vortexed for 4
to 7 seconds before being discarded. A blank disc was used as a negative control and 2 uL. DNA
Control 007 (provided with the kit) was used as a positive control. The PCR reaction mix (half
volume reactions) (7.5uL) was prepared for each kit by mixing 3uL Master Mix, 3uL Primer Set,
and a 1.5uL mixture of the sample and water according to the appropriate dilution. The STR
amplification was executed following the protocols specified in Table 2.10 below (GlobalFiler™

Express PCR Amplification Kit User Guide, 2020).

Table 2.10. DNA amplification cycling protocol for samples taken from blood deposited
on FTA cards, using the GlobalFiler™ Express PCR Amplification Kit

Temperature (°C) Time (seconds)

z
4 Up to 24 hours -

2.5.2 DIRECT PCR AMPLIFICATION
The User Guide for the GlobalFiler™ Express PCR Amplification Kit (2020) outlines the

Number of cycles

manufacturer's protocol for directly amplifying STR loci from blood samples collected on FTA and
other paper substrates (GlobalFiler™ Express PCR Amplification Kit User Guide, 2020). The PCR

master mix was prepared using half-volumes (7.5 puL), as specified in Table 2.11.

Table 2.11. Master mix setup for direct PCR reactions using the GlobalFiler™ Express

PCR Amplification Kit
Reaction Component Volume per reaction (uL) ‘
Master Mix 3.0
Primer Set 3.0
Nuclease-Free Water 1.5
Total reaction volume per sample 7.5

The master mix was thoroughly combined and then dispensed into 0.2 mL PCR tubes, each
receiving 7.5 puL of the mixture (Elkay Manufacturing Company, USA). A Harris Uni-Core Micro-

Punch® with a diameter of 1.2 mm was used to extract a 1.2 mm disc from the centre of the blood
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sample spot on the Whatman® FTA® Cards. This disc was transferred to each PCR reaction.
Following the disc transfer, the reactions were not mixed. The positive control, consisting of a
2.0uL DNA Control 007, was added in a separate PCR reaction with the same volume as the sample
PCR. The negative control containing a blank disc was also prepared. The PCR reactions in the
tubes were briefly centrifuged for 20 seconds to ensure the discs were fully submerged. The PCR
cycle was performed using an Agilent SureCycler 8800 thermal cycler (Agilent Technologies,
Santa Clara, USA), following the manufacturer's protocol outlined in Table 2.12. Once the protocol
was completed, the PCR products were stored in a refrigerator at 2 °C to 8 °C if the amplified DNA
was to be used within two weeks. If the amplified DNA was not used within this timeframe, it was
stored at -20 °C and protected from light before proceeding with capillary electrophoresis
(GlobalFiler™ Express PCR Amplification Kit User Guide, 2020).

Table 2.12. DNA amplification cycling protocol for samples taken from blood deposited
on FTA cards, using the GlobalFiler™ Express PCR Amplification Kit.

Temperature (°C) Time (seconds) Number of cycles

Z
4 Up to 24 hours -

2.5.3 CAPILLARY ELECTROPHORESIS

Following the completion of the STR amplification, amplicons were analysed using an Applied
Biosystem 3500 Genetic Analyzer (Thermo Fisher Scientific) capillary electrophoresis (CE)
instrument. The alleles were separated based on their size, which was determined using an internal
lane standard, GeneScan™ 600 LIZ™ Size Standard v2.0, added to each PCR product. The allelic
ladder (GlobalFiler™ Express Allelic Ladder) was included in each run/injection and was
processed concurrently as a separate sample alongside the PCR products to facilitate accurate allele

calls.

A standard master mix for the formamide-internal lane standard was prepared by mixing 9.5 uL
Hi-Di™ Formamide with 0.5 uL. GeneScan™ 600 LIZ™ Size Standard v2.0, totalling a volume of
10.0 uL. This master mix was added to a 1.0 uL amplified DNA sample or allelic ladder in a 96-
well plate. The DNA was denatured by incubating in a 2720 Thermal Cycler (ThermoFisher
Scientific) at 96 °C for 3 min. After this, it was snap-frozen for an additional 3 minutes before
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being placed in the autosampler of the capillary electrophoresis (CE) instrument, where it was
automatically injected into the system, as described in the GlobalFiler™ Express PCR

Amplification Kit User Guide (2020).

2.54 DATA INTERPRETATION

The fragment analysis data generated was interpreted by the GeneMapper® ID-X software version
1.6 (Thermo Fisher Scientific) for genotyping following the manufacturer's recommended protocol.
The software performed an automated analysis of output from the Genetic Analyzer to calculate
the size of PCR amplicons in base pairs using an internal size standard. It also determined allele
calls in an unknown sample by utilising the allelic ladder provided with the kit (GlobalFiler™
Express PCR Amplification Kit User Guide, 2020). Figure 2.3 displays the electropherogram of
the GlobalFiler™ Express Allelic Ladder analysed on an Applied Biosystems 3500 Genetic
Analyzer. An established calibration curve using an internal lane standard fragment contained 36
DNA fragments of known lengths in base pairs (see Figure 2.4). These were labelled as orange
peaks and were used to determine the sizes of the peaks (GlobalFiler™ Express PCR Amplification

Kit User Guide, 2020).
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Figure 2.3.  The electropherogram presents the GlobalFiler™ Express Allelic Ladder,
which was analysed using the Applied Biosystems 3500 Genetic Analyzer.
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Figure 2.4 displays the electropherogram of the GeneScan™ 600 LIZ™ Size Standard v2.0, as
referenced in the GlobalFiler™ Express PCR Amplification Kit User Guide (2020). The analytical
threshold was fixed at 150 RFU, with a heterozygote peak balance threshold applied. Peaks that
fell below this analytical threshold were not included in the analysis. Stutter peaks were
automatically identified and flagged by the GeneMapper software using allele- and locus-specific
stutter thresholds built into the analysis method. Peaks that measured lower than 15% of the
associated parent allele height were classified as stutter and excluded from allele calling. Any peaks
detected during the environmental DNA background check or identified as artefacts (e.g., spikes)
were discarded from the final DNA profile (GlobalFiler™ Express PCR Amplification Kit User
Guide, 2020).
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Figure 2.4.  Electropherogram presents the GeneScan™ 600 LIZ™ Size Standard v2.0,
which shows fragments in base pairs (bp)

2.6 Y-CHROMOSOMAL STR PROFILING USING PROMEGA POWERPLEX® Y23
SYSTEM KIT

This experiment used Y-STR loci from the 23-locus Promega PowerPlex® Y23 System Kit to

generate DNA profiles from blood samples via standard and direct PCR amplification. Blood

samples that were challenging to amplify with direct PCR were amplified using standard PCR,

which involved DNA extraction and quantification, to obtain complete STR profiles.

2.6.1 STANDARD PCR AMPLIFICATION

The Promega PowerPlex® Y23 System Kit (Promega Corporation, Madison, Wisconsin, United
States) is a multiplex PCR kit used to amplify 23 Y-STR markers from extracted DNA (Table
2.13). The kit allowed simultaneous amplification of multiple loci using four-colour fluorescent
detection (Fluorescein, JOE, TMR-ET, and CXR-ET) in a single reaction (Promega Technical
Manual, 2023).
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Table 2.13.  Loci in the Promega PowerPlex® Y23 System Kit with dye colours and alleles
present in the allelic ladder.

Locus Dye Label Dye Colour Alleles incorporated in the Allelic Ladder

DYS576 Fluorescein  Blue 11,12, 13. 14, 15, 16, 17, 18, 19, 20, 21, 22, 23

DYS3891 Fluorescein Blue 9,10, 11,12, 13, 14, 15, 16, 17

DYS38911 Fluorescein  Blue 24,25, 26,27, 28,29, 30,31,32, 33, 34, 35

DYS448 Fluorescein ~ Blue 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24

DYS19 Fluorescein  Blue 9,10, 11, 12,13, 14, 15, 16, 17, 18, 19

DYS391 JOE Green 5,6,7,8,9,10,11, 12,13, 14, 15, 16

DYS481 JOE Green 17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32
DYS549 JOE Green 7,8,9,10,11, 12,13, 14, 15,16, 17

DYS533 JOE Green 7,8,9,10,11, 12,13, 14, 15, 16, 17

DYS438 JOE Green 6,7,8,9,10,11, 12,13, 14, 15, 16

DYS437 JOE Green 11,12, 13, 14, 15, 16, 17, 18

DYS570 TMR-ET Black 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25
DYS635 TMR-ET Black 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28
DYS390 TMR-ET Black 17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29

DYS439 TMR-ET Black 6,8,9,10,11, 12,13, 14, 15, 16, 17

DYS392 TMR-ET Black 4,5,6,7,8,9,10,11, 12,13, 14,15, 16, 17, 18, 19, 20
DYS643 TMR-ET Black 6,7,8,9,10,11, 12,13, 14, 15, 16, 17

DYS393 CXR-ET Red 7,8,9,10,11,12,13, 14,15, 16, 17, 18

DYS458 CXR-ET Red 10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24
DYS385a/b CXR-ET Red 7,8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28
DYS456 CXR-ET Red 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23
Y-GATA-H4 CXR-ET Red 8,9,10, 11,12, 13, 14, 15, 16, 17, 18

Standard PCR amplification was performed using the Agilent Sure Cycler 8800 thermal cycler
(Agilent Technologies, Santa Clara, CA, USA), according to the manufacturer's recommended
protocol. The kit has an optimum input quantity of 0.5 ng (0.1-1 ng); an optimum DNA input
concentration for a 17.5 puL input is 0.0286 ng/uL (0.02-0.2 ng/uL). Based on the qPCR results,
the DNA extract may require dilution using nuclease-free water before amplification. Before
preparing the PCR reaction mix, all components were protected from light, stored at 20°C, thawed
and vortexed for 15 seconds. After initial use, these PCR components were placed in a refrigerator
at 2°C to 8°C. A blank disc punch was used as a negative control, and 1.0 pL 2800M Control DNA
(provided with the kit) was used as a positive control. The PCR reaction mix (for half-volume
reactions, totalling 12.5 uL) was prepared for each kit by combining 2.5 pL of PowerPlex® Y23
5X Master Mix, 1.25 pL of PowerPlex® Y23 10X Primer Set, and 8.75 pL of a mixture that
included the sample (0.5 ng of DNA template) and water (amplification grade) provided in the kit,
according to the appropriate dilution (Promega Technical Manual, 2023). Table 2.14 lists the kit's
loci, the size range of allelic ladder components, the core repeat sequence motif, and chromosomal

location (Promega Technical Manual, 2023).
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Table 2.14.  Locus-specific information of the PowerPlex® Y23 System Kit with the size
ranges of allelic ladder, core repeat sequence motif, and chromosomal location.

Y-STR Locus Allelic Ladder Components Repeat Sequence 5" - 3° Chromosomal
(bases) Size Range Location
DYS576 97-145 [AAAG] Y
DYS3891 147-179 [TCTA] Y
DYS38911 196-256 [TCTA] Y
DYS448 259-303 [AGAGAT] Y
DYS19 312-352 [TAGA] Y
DYS391 86-130 [TCTA] Y
DYS481 139-184 [CTT] Y
DYS549 198-238 [GATA] Y
DYS533 245-285 [ATCT] Y
DYS438 293-343 [TTTTC] Y
DYS437 344-380 [TCTA] Y
DYS570 90-150 [TTTC] Y
DYS635 150-202 [TCTA] Y
DYS390 207-255 [TCTA] Y
DYS439 263-307 [AGAT] Y
DYS392 314-362 [TAT] Y
DYS643 368-423 [CTTTT] Y
DYS393 101-145 [AGAT] Y
DYS458 159-215 [GAAA] Y
DYS385a/b 223-307 [GAAA] Y
DYS456 316-364 [AGAT] Y
Y-GATA-H4 374-414 [TAGA] Y

The STR amplification for the extracted and quantified DNA was executed following the protocol
specified in Table 2.15 below (Promega Technical Manual, 2023).

Table 2.15. DNA amplification cycling protocol for samples taken from blood deposited
on FTA cards, using the PowerPlex® Y23 System Kit

Temperature (°C) Time (seconds) Number of cycles

Initial Incubation

Anneal
Extension
Final Extension

Final Hold/ Storage
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2.6.2 DIRECT PCR AMPLICATION

The technical manual for the PowerPlex® Y23 System, designed for use with the Applied
Biosystems® Genetic Analyzers (2023), provided procedures for the direct amplification of Y-
STR loci from storage card punches. This process utilized a 12.5 pL reaction volume prepared as
specified in Table 2.16 by combining 2.5 pL PowerPlex® Y23 5X Master Mix, 1.25 pL
PowerPlex® Y23 10X Primer Set, 6.25 pL water (amplification grade), and 2.5 pL 5X
AmpSolution™ Reagent. The master mix was thoroughly mixed before dispensing 12.5 pL into

each PCR tube. (Promega Technical Manual, 2023).

Table 2.16. Master mix setup for direct PCR reactions using the PowerPlex® Y23 System

Kit
PowerPlex® Y23 10X Primer Set 1.25
5X AmpSolution™ Reagent 2.50
Water, Amplification Grade 6.25
Total reaction volume per sample 12.50

A Harris Uni-Core Micro-Punch® with a diameter of 1.2 mm was used to extract a 1.2 mm disc
from the centre of the blood sample spot on Whatman® FTA® Cards. This disc was then
transferred into each PCR reaction in a PCR tube. A 1 pL of 2800M Control DNA solution was
prepared to create a positive control reaction. A negative control, consisting of a blank disc in a
PCR reaction, was also prepared. The PCR reactions in the tubes were briefly centrifuged for 20

seconds to ensure the punched discs were fully submerged. (Promega Technical Manual, 2023).

Table 2.17. DNA amplification cycling protocol for samples taken from blood deposited
on FTA cards, using the PowerPlex® Y23 System Kit.

Step Temperature (°C) Time (seconds) Number of cycles

Initial Incubation 96 120 1
Denaturation 94 10
Anneal 61 60 26
Extension 72 30
Final Extension 60 1,200 1
Final Hold/ Storage 4 00 -
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The PCR was conducted using an Agilent Sure Cycler 8800 thermal cycler. The thermal cycler was
programmed according to the conditions specified in Table 2.17. Following PCR amplification,
the products were stored at =20 °C in accordance with the manufacturer’s protocol and protected

from light prior to capillary electrophoresis. (Promega Technical Manual, 2023).

2.6.3 CAPILLARY ELECTROPHORESIS

After completing the STR amplification, the resulting amplicons were analysed using an Applied
Biosystems 3500 Genetic Analyser (Thermo Fisher Scientific) capillary electrophoresis (CE)
instrument. The alleles were separated by size with the help of an internal lane standard known as
the WEN Internal Lane Standard (WEN ILS) 500 Y23, supplied with the kit. Additionally, an
allelic ladder, the PowerPlex® Y23 System Allelic Ladder, was run alongside the samples to aid

in making accurate allele calls.

A master mix of 10 pL was prepared by combining 9.5 pL of Hi-Di™ Formamide with 0.5 uL of
WEN Internal Lane Standard 500 Y23. This mix was then added to 1 pL of either the amplified
DNA sample or an allelic ladder. The DNA was denatured by incubating it in a 2720 Thermal
Cycler (Applied Biosystems) at 96°C for 3 minutes. Afterwards, it was snap-frozen for an
additional 3 minutes before being placed into the autosampler of the capillary electrophoresis (CE)
instrument. The sample was automatically injected into the CE system, as outlined in the Promega

Technical Manual (2023).

2.6.4 DATA INTERPRETATION

GeneMapper® ID-X software version 1.6 (Thermo Fisher Scientific) was utilised following the
manufacturer's protocol to analyse the fragment data generated for genotyping (Promega Technical
Manual, 2023). The software performed an automated analysis of the output from the Genetic
Analyzer Capillary Electrophoresis instrument, calculating the size in base pairs of PCR amplicons
using an internal size standard. It also determined allele calls in an unknown sample by referencing
the allelic ladder. Figure 2.5 displays the electropherogram of the PowerPlex® Y23 System allelic
ladder analysed on an Applied Biosystems 3500 Genetic Analyzer. A calibration curve was
established using an internal lane standard fragment that included 21 DNA fragments of known
lengths in base pairs (see Figure 2.6). These fragments were labelled as orange peaks and were

used to determine the sizes of the observed peaks (Promega Technical Manual, 2023).
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Figure 2.5.  Electropherogram of the PowerPlex® Y23 System Allelic Ladder analysed on
an Applied Biosystems 3500 Genetic Analyzer

Figure 2.6 presents the electropherogram of the WEN Internal Lane Standard 500 Y23, as specified
in the Promega Technical Manual (2023). It shows the datapoint plotted against known fragment
length. The analytical threshold was fixed at 150 RFU, with a 75% heterozygote peak balance
threshold applied. Peaks that fell below this analytical threshold were not included in the analysis.
Stutter peaks were automatically identified and flagged by the GeneMapper software using allele-
and locus-specific stutter thresholds built into the analysis method. Peaks that measured lower than
15% of the associated parent allele height were classified as stutter and excluded from allele calling.
Any peaks detected during the environmental DNA background check or identified as artefacts
(e.g., spikes) were discarded from the final DNA profile (Promega Technical Manual, 2023).

0

Figure 2.6.  Electropherogram of the WEN Internal Lane Standard 500 Y23, showing
fragment lengths in base pairs (bp).
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2.7  STATISTICAL ANALYSIS

2.7.1 GENETIC AND FORENSIC PARAMETERS

The DNA data, tables, graphs, and charts were organized in Microsoft Excel spreadsheets. They
were statistically analysed using the STR Analysis for Forensic (STRAF-A 2.2.2) online tool for
short tandem repeat (STR) data analysis (Gouy & Zieger, 2017) and the Genetic Analysis in Excel
(GenAIEx 6.5) software package (Peakall and Smouse, 2006, 2012) to calculate allele and
genotype frequencies, respectively. The GenAIEx 6.5 platform was also utilised to assess the

private alleles within populations.

Arlequin version 3.5 (Excoffier & Lischer, 2010) was used to test each locus for deviation from
Hardy—Weinberg equilibrium (HWE), employing the Exact Test for multi-allelic loci to assess the
conformity of observed genotype frequencies with HWE expectations. Wright's F-statistics (Fs7,
Fis, and F7) were calculated to evaluate inter-sub-population genetic structure within the Nigerian
population using GenAIEx version 6.5. GenAIEx 6.5 was also used to identify private alleles and
to generate pairwise matrices of Nei’s genetic distance and genetic identity, thereby assessing

genetic differentiation and relatedness among populations.

The forensic parameters, including the Polymorphic Information Content (PIC), Typical Paternity
Index (TPI), Power of Discrimination (PD), Random Match Probability (RMP), Power of
Exclusion (PE), Expected Heterozygosity (Hexp), Observed Heterozygosity (Ho), and Expected
Homozygosity (Homs exp), were calculated and evaluated using the STRAF-A 2.2.2 online tool for
STR data analysis.

2.7.2 POPULATION GENETIC AND GEOGRAPHIC ANALYSIS

POPULATION STRUCTURE

STRUCTURE software version 2.3.4 was employed to evaluate genetic structure of the population.
STRUCTURE was developed by Pritchard et al. (2000) and is available for free download online
(https://web.stanford.edu/group/pritchardlab/structure software/release versions/v2.3.4/html/stru

cture.html) (Falush et al., 2003; Hubisz et al., 2009). STRUCTURE is a population analysis tool

that utilises a Bayesian clustering technique to assign individuals to populations based on their
genotypes, utilising multi-locus genotype data. Through maximum likelithood analysis,
STRUCTURE can identify entire subsets or sub-populations by detecting differences in allele
frequencies within the data and assigning individuals accordingly. The software's Bayesian
iterative algorithm groups individuals with the same variation patterns and evaluates the differences

in population genetic variants while considering their geographical distributions. This process is
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achieved using Markov Chain Monte Carlo (MCMC) estimation, which randomly assigns
individuals to a predetermined number of groups. The frequency of genetic variants is then assessed
within each group, and individuals are re-assigned based on the analysis of those frequencies. This
procedure was repeated multiple times, involving a total of 100,000 iterations along with a burnin
period of 50,000 iterations. The burnin period is the first phase of the Markov Chain Monte Carlo
(MCMC) process. In this phase, the software discards early results that may not be reliable. As a
result, reliable estimates of allele frequencies and the probability of an individual's association with
a specific population were obtained for each group. STRUCTURE analyses various population sizes
(denoted as K), which are set by the user, to estimate the proportion of each individual's genome
derived from these assumed populations. It calculates the likelihood of the observed data (X) for
different values of K by establishing posterior probabilities for each K. The analysis explored K
values ranging from 1 to 10 iterations and was programmed to repeat five runs. The parameters
used were as follows: number of individuals = 303, ploidy = 2, number of loci = 16, missing values
coded as -9. The optimal K value was determined using the Structure Selector software

(https://Imme.ac.cn/StructureSelector/) (Evanno et al., 2005) and the results of the K dataset were

visualised using CLUMPACK (Clustering Markov Packager Across K) (https://clumpak.tau.ac.il/)
(Kopelman et al., 2015). The highest value of Ln P(X | K) indicates the valid K number.

Additionally, the maximum rate of change (Delta K) in the Ln P(X | K) values between successive
K values helps identify the appropriate number of genetic clusters in the data (Porras-Hurtado et

al., 2013).

PRINCIPAL COMPONENT ANALYSIS
Principal Component Analysis (PCA) was performed using the PAleontological Statistics (PAST
4.03) software. Developed by @yvind Hammer (Deinert et al., 2024), PAST 4.03 is a free scientific

tool for download online (https://past.en.lo4d.com/download). Performing PCA in the software

involved inputting the numeric data with individuals as rows and variables (such as STR data, allele
frequencies, and pairwise genetic distance matrix data) as columns. The relevant data were
highlighted, and the "Multivariate" section was navigated to select "Ordination" to access the
principal components analysis. The software creates plots and eigenvalues to help visualise
population structure using a covariance or correlation matrix. Group labels can also be added to the
plot visualisations to get better clarity. PCA 1is a statistical technique that employs an unsupervised
clustering method to analyse and visualise population structure more effectively (Paschou et al.,
2007; 2008). It has been very frequently utilised in genetic and geographic data analysis. It
accomplishes this by reducing large datasets into smaller sets of “summary indices” while

accounting for variation in genome-wide relationships without significant data loss. As a
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multivariate data analysis method, PCA reduces the dimensionality of complex datasets, which are
often difficult to interpret, and increases interpretability while minimising the loss of information.
It successively maximises variance by creating new uncorrelated variables. The PCA technique
retains variables that exhibit the most significant variation while eliminating those genetic markers
with no variation. In this multivariate analysis, 303 unrelated individuals from the Igbo, Yoruba,
and Hausa-Fulani sub-populations were compared using loci data from 16 STRs to visualize
genetic differentiation. The procedure involved comparing the Principal Component (PC1), which
captures the highest variance, on the X-axis and the Principal Component (PC2), which represents
the second highest variance, on the Y-axis. This setup provides the best low-dimensional
representation of the data. This process helps to reveal hidden relationships between samples.
Consequently, the PCA plot presents similar samples clustered closely while dissimilar samples

are positioned further apart (Patterson et al., 2006).

NEIGHBOUR-JOINING

Neighbour-Joining (NJ) was performed using Molecular Evolutionary Genetics Analysis (MEGA-
11) software. The MEGA 11 software program is powerful for analysing DNA and protein
sequence evolution studies (Kumar et al., 1994; 2018). The software provides a complete set of
tools and methods for understanding how molecules evolve. Developed by Koichiro Tamura, Glen
Stecher, and Sudhir Kumar (Tamura ef al., 2021), MEGA 11 is a free scientific tool for download

online (https://www.megasoftware.net/). It is frequently utilised to analyse and study evolutionary

relationships and phylogenetic relatedness using DNA and protein sequences Performing NJ
analysis for STR and Y-STR data in the software involved creating a pairwise genetic distance
matrix of Nei genetic distance. This matrix was then loaded into MEGA, where the "Phylogeny"
section was accessed to select "Construct/Test Neighbour-Joining Tree." The analysis preferences
were configured, and the computation was executed. The software generated a visual Neighbour-
Joining tree, illustrating the population's phylogenetic relationships. The branch lengths—
calculated based on phylogenetic distances using the number of differences method—were
computed by MEGA 11 to create accurately scaled trees. The NJ tree can be edited and exported
for further interpretation. (Tamura et al., 2021).
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CHAPTER THREE

POPULATION GENETICS STUDY OF THE NIGERTIAN POPULATION USING THE
QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

3.1 INRODUCTION

The Qiagen™ Investigator ESSplex SE QS Kit (QIAGEN N.V., Hilden, Germany) is a forensic
STR multiplex kit designed for the simultaneous amplification of 17 STR markers covering 16
autosomal STR loci. It is designed to comply with the European Standard Set (ESS) loci. This
ensures that it meets the DNA analysis standards for European databases. The kit also includes two
quality sensors (QS1 and QS2) as internal PCR controls, amplified alongside the polymorphic
markers. These controls provide critical details about the PCR process efficiency, DNA
degradation status, and the presence of PCR inhibitors (Barbaro et al., 2024). Highly sensitive and
optimized for difficult forensic samples, such as low template and degraded DNA by employing
short amplicon targets, quality sensors, and robust PCR chemistry, the Qiagen™ Investigator
ESSplex SE QS Kit is compatible with the ABI 3130 and 3500 Genetic Analyzer (ThermoFisher
Scientific, WA, USA). It has been successfully applied in forensic casework, including body fluid

identification and crime scene sample analysis (Harrel ef al., 2021; Rath et al., 2024).

Nigeria has a diverse society comprising approximately 300 ethnic groups. The three largest groups
that make up significant parts of the population are the Hausa-Fulanis (29%), Yorubas (21%), and
Igbos (18%). The remaining ethnic groups, while classified as minorities, include notable
populations such as the Ijaw (10%), Kanuri (4.0%), Efik-Ibibio (3.5%), Tiv (2.5%), Bini (1.05%),
and among others. These groups are some of the largest and most prominent minority ethnic groups
in Nigeria (Agbaire and Dunne, 2024). It is essential to highlight that the evaluation of the Qiagen™
Investigator ESSplex SE QS Kit has not been previously documented for the Nigerian population.

3.2 AIM AND OBJECTIVES

This research aims to analyse the population genetics of 303 unrelated individuals from Nigeria,
specifically from the Igbo, Yoruba, and Hausa-Fulani ethnic groups. This study utilizes 16
autosomal STR markers from the 17-locus Qiagen™ Investigator ESSplex SE QS Kit (QIAGEN
N.V., Hilden, Germany).

The specific objectives for the work detailed in this chapter are as follows:

1. Perform STR genotyping for this kit and evaluate any STR off ladders allele calls.
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2. Generate STR allele frequency data to create an allele frequency database for each
subpopulation and the entire population.

3. Evaluate forensic parameters for each subpopulation and the entire population, assess the
effectiveness of the kit used, and determine its suitability for forensic work in Nigeria.

4. Compare the genetic structure within populations and examine the relationships between the

different subpopulations.

3.3 MATERIALS AND METHODS

Blood samples for the study on the Nigerian population were collected from different locations in
Nigeria and the United Kingdom, involving 303 unrelated individuals (167 males and 136 females),
as described in Chapter 2.2. Donors received participant information sheets and consent forms to
sign and return. Participants additionally received verbal explanations regarding the procedures for
collecting the blood samples. STR profiling, data analysis, and statistical calculations were
conducted at the University of Strathclyde in Glasgow. Detailed procedures for sample collection
can be found in Chapter 2.2, and the participation information sheet and consent form are in
Appendices 1 and 2. The DNA profiling technique, utilising a 1.2mm punch of blood sample from
the FTA® card, involved standard PCR and direct PCR with the Qiagen™ Investigator ESSplex
SE QS Kit (QIAGEN N.V., Hilden, Germany), as described in Chapters 2.4.1 and 2.4.2,
respectively. The capillary electrophoresis method, which detects and separates DNA fragments,
was performed using the ABI Genetic Analyzer 3500 with the internal lane standard, Size Standard
550 (BTO) and ESSplex SE QS Allelic Ladder, as detailed in Chapter 2.4.3. Data interpretation,
including allele calling and genotype determination for the 16 autosomal STR loci, was conducted
using GeneMapper® ID-X software version 1.6 (Thermo Fisher Scientific), as described in
Chapter 2.4.4. The procedure for calculating the allele frequencies and various forensic parameters
using the STR Analysis for Forensic (STRAF-A 2.2.2) online tool and the Genetic Analysis in Excel
(GenAIEx 6.5) platform was explained in Chapter 2.7.1. The Wright's F-statistics (Fsr, Fis, and
Fi7) were evaluated using the Genetic Analysis in Excel (GenAIEx 6.5) platform to assess genetic
variation among the Igbo, Yoruba, and Hausa-Fulani sub-populations compared to the total
population, as explained in Chapter 2.7.1. To evaluate the inter-subpopulation structure,
STRUCTURE software version 2.3.4 was employed, as described in Chapter 2.7.2. The software
PAleontological Statistics (PAST 4.03) conducted Principal Component Analysis (PCA) to assess
sub-population differentiation, as explained in Chapter 2.7.2. Consequently, the PCA scatter plot
presents similar samples clustered closely while dissimilar samples are positioned further apart. As

explained in Chapter 2.7.2, the software Molecular Evolutionary Genetics Analysis (MEGA-11)
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was used to conduct a Neighbour-Joining analysis of the Igbo, Yoruba, and Hausa-Fulani sub-

populations.

3.4 RESULTS

3.4.1 STR GENOTYPING

The QIAGEN™ Investigator ESSplex SE QS Kit successfully generated complete DNA profiles
from blood spots on FTA cards using the direct PCR amplification approach (254 samples) and the
standard PCR method after DNA extraction and quantification from the samples on FTA cards (49
samples). Blood samples that were challenging to amplify using direct PCR were successfully
amplified using standard PCR, which included DNA extraction and quantification to obtain
complete STR profiles. The DNA extraction and quantification processes overcame PCR
inhibition, likely caused by matrix components in the samples that hindered the effectiveness of
the direct PCR method. Each DNA profile contained genotypes at 16 polymorphic STR markers,
plus the sex chromosome-specific marker Amelogenin. All the negative controls included in every
single run detected no sign of contamination. The DNA profile produced from the positive control
sample (Figure 3.1) was in concordance with the expected profile. The Quality Sensors peaks were

identified as amplicons.
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Figure 3.1.  Electropherogram of the QIAGEN™ Investigator ESSplex SE QS Control
DNA showing the loci labelled across four colour channels.
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3.4.2 OFF-LADDER ALLELES

GeneMapper® ID-X v1.6 software classified unidentified alleles as off-ladder (OL). To address
the OL alleles, the ladder alignment of the affected samples was first checked and confirmed that
the peaks were not artefacts. These checks were conducted before undergoing a second capillary
electrophoresis run. If the OL allele issues persisted, a second PCR amplification was performed
using the same optimised conditions, which included cycle number, reagent concentration,
temperature profile, and input DNA quantity to confirm the reproducibility or authenticity of the
alleles. The results were then reviewed using the allelic ladder bins generated by the GeneMapper®
ID-X software, checking the alignment of the peaks with the allelic ladder to ensure no

misalignment occurred.

Three distinct OL alleles were identified at the D12S391 locus (see Figure 3.2), and one allele was
noted at both the D3S1358 (see Figure 3.3) and D1S1656 (see Figure 3.4) loci. The OL alleles
were found in positions where no bins were available, resulting in their classification as off-ladder

in the QTAGEN™ [nvestigator ESSplex SE QS Kit.

During the concordance analysis (Chapter 4.4.2), the results from the QIAGEN™ Investigator
ESSplex SE QS Kit samples were compared to those from the GlobalFiler™ Express Kit, based on
the data generated for the same sample. It was discovered that alleles not identified in the
QIAGEN™ Investigator ESSplex SE QS Kit due to the absence of designated bins in the allelic
ladders were correctly identified in the GlobalFiler™ Express Kit, which included the missing bins

and ladders in its allelic ladder.

Further investigation confirmed that alleles generated from the QIAGEN™ Investigator ESSplex
SE QS Kit were concordant with those generated from the GlobalFiler™ Express Kit. The
identified off-ladder alleles are reported in Chapter 4.4.2. The loci were genotyped based on the
GlobalFiler™ Express Kit result.

Off-ladder alleles observed with the QIAGEN™ Investigator ESSplex SE QS Kit correspond to
previously described STR variants documented in forensic STR databases, including STRBase,
and were correctly designated by the GlobalFiler™ Express Kit allelic ladder. These alleles were

therefore treated as concordant and genotyped based on the GlobalFiler™ Express Kit results.
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Figure 3.2. D12S391 off-ladder alleles observed on the electropherogram from the

QIAGEN™ Investigator ESSplex SE QS Kit. The three off-ladder (OL) alleles are indicated
shaded in black and compared to the allelic ladder of the associated locus in the lower panel.
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Figure 3.3. D3S1358 off-ladder alleles observed on the electropherogram from the
QIAGEN™ Investigator ESSplex SE QS Kit. The off-ladder (OL) allele is indicated shaded
in blue and compared to the allelic ladder of the associated locus in the lower panel.

Figure 3.4. D1S1656 off-ladder alleles observed on the electropherogram from the
QIAGEN™ Investigator ESSplex SE QS Kit. The off-ladder (OL) allele is indicated shaded

in green and compared to the allelic ladder of the associated locus in the lower panel.
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3.43 ALLELE FREQUENCIES AND FORENSIC PARAMETERS

Complete STR profiles were generated from blood samples on FTA cards collected from 303
unrelated Nigerians using the QTAGEN™ Investigator ESSplex SE QS Kit except for the three
samples with off-ladder alleles. The off-ladder loci detected using the QIAGEN™ kit were
genotyped by referencing the corresponding allele calls from the GlobalFiler™ Express Kit. The
allele frequencies and forensic parameters were calculated based on the total collections of alleles
surveyed in the samples collected from the Nigerian population and separately calculated for the
sub-populations; Igbo, Yoruba, and Hausa-Fulani. Table 3.1 and Table 3.2 show the allele
frequencies and forensic parameters, respectively, calculated for 303 unrelated individuals of the
Nigerian population for the total sample with all individuals from all three sub-populations pooled.
Among the 303 Nigerian population were 102, 101 and 100 Igbos, Yorubas and Hausa-Fulanis
subpopulations, respectively. Tables 3.3 and Table 3.4, Tables 3.5 and Table 3.6, and Tables 3.7
and Table 3.8 display the allele frequencies and forensic parameters generated for the Igbo,
Yoruba, and Hausa-Fulani sub-populations, respectively. Table 3.9 presents the private alleles

observed among the sub-populations.

The two software programs, STR Analysis for Forensic (STRAF-A 2.15), an online tool for
analysing STR data, and Genetic Analysis in Excel (GenAIEx 6.5), used for statistical data
analysis, facilitated quicker and more practical outputs. These software tools also generated
graphical representations (see Appendices 4 - 19) after calculating various allele frequencies and

forensic parameters.
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Table 3.1. Distribution of allele frequencies across 16 autosomal STR loci in the QIAGEN™ Investigator ESSplex SE QS Kit, analysed within 303 individuals
from the Nigerian population

Allele D10S1248 D12S391 D1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA

6 0.127

7 0.493

8 0.003 0.020 0.005 0.203

9 0.002 0.249 0.002 0.002 0.003 0.134

9.3 0.041

10 0.018 0.015 0.122 0.010 0.048 0.066 0.015 0.002
10.2 0.003 0.003

11 0.040 0.069 0.302 0.008 0.089 0.158 0.403 0.036
11.3 0.043

12 0.185 0.041 0.153 0.051 0.130 0.053 0.172 0.010 0.119 0.005
12.2 0.048 0.008
12.3 0.005

13 0.224 0.142 0.145 0.020 0.259 0.041 0.003 0.195 0.003 0.026
13.2 0.018 0.066

14 0.256 0.254 0.008 0.040 0.177 0.096 0.239 0.111 0.366 0.046 0.071
14.2 0.002 0.079 0.005
14.3 0.002 0.002

15 0.173 0.076 0.175 0.188 0.041 0.213 0.002 0.036 0.274 0.228 0.035 0.188
15.2 0.053 0.005
15.3 0.008

16 0.086 0.054 0.114 0.200 0.007 0.168 0.073 0.318 0.031 0.079 0.290
16.1 0.002
16.2 0.038
16.3 0.104

17 0.010 0.134 0.015 0.170 0.221 0.092 0.229 0.010 0.002 0.099 0.186
17.2 0.002
17.3 0.003 0.031
18.2 0.021
18.3 0.002 0.015

19 0.002 0.193 0.002 0.116 0.003 0.191 0.002 0.066 0.140 0.074
19.1 0.008
19.2 0.002 0.010 0.003
19.3 0.012

20 0.135 0.040 0.066 0.040 0.109 0.033
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Allele D10S1248 D12S391 D1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA
20.1 0.002
20.2 0.005 0.005
21 0.045 0.026 0.150 0.112  0.084 0.005
21.2 0.002
22 0.018 0.008 0.167 0.216  0.025 0.002
22.2 0.002  0.008
23 0.021 0.002 0.078 0.172

23.2 0.008
24 0.003 0.066 0.168

24.2 0.010
25 0.002 0.064 0.073  0.003
25.2 0.025
26 0.005 0.015 0.045

26.2 0.058
27 0.079 0.007 0.030 0.002
27.2 0.050
28 0.297 0.020  0.002
28.2 0.040
29 0.175 0.005

29.2 0.017
30 0.117

30.2 0.031 0.017
31 0.079

31.2 0.050 0.002 0.002
32 0.015

32.2 0.053
33 0.007

33.2 0.031 0.002
34 0.015

34.2 0.002
35 0.038
36 0.007

Table 3.1. continued
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Table 3.2. Forensic parameters across 303 Nigerian individuals typed at 16 autosomal STR loci using the QIAGEN™ Investigator ESSplex SE QS Kit
Locus N Allele (n) Allele (v) Allele (e) Hobs Hexp H, HWE RMP PIC PD PE TPI Fst Fir Fis
D10S1248 303 606 12 5.276 0.828 0.812 0.188 0.764 0.067 0.784 0933 0.653 2913 0.004 -0.022 -0.026
D12S391 303 606 14 5.352 0.835 0.819 0.181 0.839 0.057 0.797 0943 0.665 3.030 0.002 -0.027 -0.029
D1S1656 303 606 16 5.680 0.858 0.854 0.146 0444 0.041 0.836 0959 0.711 3.523 0.004 -0.042 -0.045
D16S539 303 606 7 4.682 0.762 0.788 0.212 0.998 0.077 0.754 0923 0.531 2.104 0.005  0.030 0.025
D18S51 303 606 18 7.290 0.884 0.865 0.135 0.829 0.035 0.850 0965 0.764 4329 0.004 -0.025 -0.029
D19S433 303 606 14 4.510 0.848 0.859 0.141 0.443 0.036 0.843 0964 0.691 3.293 0.002 -0.090 -0.092
D21S11 303 606 16 5.830 0.848 0.847 0.153 0.063 0.046 0.831 0954 0.691 3.293 0.006 -0.024 -0.029
D22S1045 303 606 10 6.131 0.838 0.838 0.162 0.786 0.050 0.816 0950 0.672 3.092 0.004 -0.002 -0.006
D2S1338 303 606 13 8.307 0.871 0.881 0.119 0.098 0.031 0.868 0969 0.737 3.885 0.002 0.010 0.006
D2S441 303 606 9 3.418 0.736 0.745 0.255 0.887 0.101 0.708 0.899 0.486 1.894 0.002 -0.041 -0.043
D3S1358 303 606 9 4.100 0.759 0.757 0243 0.995 0.105 0.715 0.895 0.525 2.075 0.004 -0.004 -0.007
D8S1179 303 606 8 4.154 0.776  0.761 0.239 0.989 0.094 0.724 0906 0.555 2.228 0.004 -0.022 -0.026
FGA 303 606 19 7.395 0.855 0.869 0.131 0459 0.034 0.854 0966 0.704 3.443 0.005 0.011 0.007
SE33 303 606 34 12.151 0921 0924 0.076 0.152 0.015 0917 0985 0.838 6.313 0.003 -0.004 -0.007
THO1 303 606 6 3.027 0.700 0.682 0318 0.977 0.145 0.640 0.855 0.428 1.665 0.003 -0.045 -0.048
vWA 303 606 10 5.489 0.812 0.819 0.181 0.784 0.059 0.794 0941 0.621 2.658 0.003  0.007 0.004

N - Number of unrelated individuals

Allele (n) - Number of alleles surveyed

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

Ho - Observed heterozygosity

Hexp Expected heterozygosity

Hom_exp Expected homozygosity

RMP Random Match Probability

HWE Hardy-Weinberg Equilibrium probability

PIC Polymorphism Information Content

PD Power of Discrimination

PE Power of Exclusion

TPI Typical Paternity Index

Fst Fixation Index - Subpopulation within the Total population

Frr Fixation Index - Individual within the Total population

Fis Fixation Index - Individual within the Subpopulation
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Table 3.3. Distribution of allele frequencies across 16 autosomal STR loci in the QIAGEN™ Investigator ESSplex SE QS Kit, analysed within 102 individuals
from the Igbo subpopulation

Allele D10S1248 D12S391 DI1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA

6 0.127

7 0.495

8 0.010 0.015 0.005 0.225

9 0.201 0.005 0.005 0.113

9.3 0.034

10 0.010 0.010 0.132 0.044 0.049 0.010 0.005
10.2 0.005

11 0.020 0.054 0.358 0.010 0.113 0.191 0.402 0.034
11.3 0.029

12 0.157 0.044 0.162 0.044 0.118 0.059 0.191 0.113 0.020
12.2 0.054
12.3 0.010

13 0.221 0.113 0.123 0.020 0.240 0.044 0.005 0.167 0.010 0.034
13.2 0.039 0.059

14 0.294 0.294 0.010 0.034 0.181 0.088 0.240 0.118 0.417 0.054 0.088
14.2 0.005 0.083 0.005

15 0.201 0.059 0.162 0.186 0.020 0.206 0.044 0.279 0.221 0.054 0.157
15.2 0.059
15.3 0.010

16 0.064 0.059 0.132 0.245 0.157 0.074 0.348 0.029 0.059 0.333
16.2 0.069
16.3 0.108

17 0.015 0.118 0.025 0.147 0.206 0.098 0.225 0.010 0.108 0.181
17.3 0.039

18 0.005 0.324 0.108 0.044 0.029 0.020 0.108 0.103
18.2 0.025
18.3 0.005

19 0.005 0.216 0.093 0.181 0.005 0.113  0.157 0.069
19.1 0.004
19.2 0.002 0.005 0.005
19.3 0.005

20 0.147 0.029 0.059 0.059 0.078 0.029
20.1 0.002
20.2 0.005 0.010

21 0.044 0.029 0.172 0.093 0.078 0.005
22 0.025 0.142 0.230  0.020
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Allele D10S1248 D12S391 D1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA
22.2 0.010
23 0.010 0.074 0.176

23.2 0.010
24 0.093 0.167

24.2 0.005
25 0.049 0.069

25.2 0.029
26 0.025 0.020

26.2 0.059
27 0.069 0.005 0.025

27.2 0.069
28 0.319 0.010

28.2 0.034
29 0.147 0.005

29.2 0.005
30 0.137

30.2 0.025 0.015
31 0.098

31.2 0.044

32 0.010

32.2 0.039

33 0.005

33.2 0.025

34 0.015

35 0.064

36 0.005

Table 3.3. continued
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Table 3.4. Forensic parameters across 102 individuals from the Igbo subpopulation typed at 16 autosomal STR loci using the QIAGEN™ Investigator

ESSplex SE QS Kit

Locus N Allele (n) Allele (v) Allele (e) Hobs Hexp H, HWE RMP PIC PD PE TPI Fis
D10S1248 102 204 11 4.876 0.794 0.799 0.201 0.096 0.085 0.765 0915 0.588 2.429 0.001
D12S391 102 204 10 5.096 0.833 0.814 0.186 0.690 0.069 0.787 0931 0.662 3.000 -0.037
D1S1656 102 204 13 5.118 0.824 0.842 0.158 0.241 0.052 0.821 0948 0.643 2.833 -0.024
D16S539 102 204 7 4.335 0.725 0.773  0.227 0.604 0.087 0.736 0913 0469 1.821 0.057
D18S51 102 204 16 6.872 0.843 0.861 0.139 0.243 0.043 0.842 0957 0.681 3.188 0.013
D19S433 102 204 11 4.706 0.873 0.865 0.135 0995 0.036 0.847 0964 0.740 3.923 -0.108
D21S11 102 204 14 5.500 0.833  0.839 0.161 0.054 0.052 0.818 0.948 0.662 3.000 -0.019
D22S1045 102 204 9 6.208 0.843 0.843 0.157 0.599 0.053 0.819 0947 0.681 3.188 -0.005
D2S1338 102 204 12 8.581 0922 0.888 0.112 0.176  0.037 0.872 0.963 0.840 6.375 -0.043
D2S441 102 204 8 3.489 0.716 0.744 0256 0422 0.110 0.704 0.890 0.453 1.759 -0.003
D3S1358 102 204 7 3.783 0.745 0.739 0.261 0.870 0.121 0.689 0.879 0.501 1.962 -0.013
D8S1179 102 204 8 3.774 0.745 0.739 0.261 0.681 0.110 0.698 0.890 0.501 1962 -0.014
FGA 102 204 14 6.897 0.814 0.861 0.139 0.227 0.045 0.841 0955 0.625 2.684 0.048
SE33 102 204 24 11.749 0.882 0923 0.077 0212 0.020 0913 0980 0.760 4.250 0.036
THO1 102 204 6 3.026 0.686 0.681 0.319 0.674 0.158 0.634 0.842 0.407 1.594 -0.025
VWA 102 204 9 5.161 0.843 0810 0.19 0330 0.070 0.783 0.930 0.681 3.188 -0.046

N - Number of unrelated individuals

Allele (n) - Number of alleles surveyed

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

H, - Observed heterozygosity

Hexp - Expected heterozygosity

Hom_exp - Expected homozygosity

HWE - Hardy-Weinberg Equilibrium probability

RMP - Random Match Probability

PIC - Polymorphism Information Content

PD - Power of Discrimination

PE - Power of Exclusion

TPI - Typical Paternity Index

Fis - Fixation Index - Individual within the Subpopulation
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Table 3.5. Distribution of allele frequencies across 16 autosomal STR loci in the QIAGEN™ Investigator ESSplex SE QS Kit, analysed within 101 individuals
from the Yoruba subpopulation.

Allele D10S1248 D12S391 DI1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA

6 0.149

7 0.505

8 0.020 0.010 0.193

9 0.292 0.005 0.109

9.3 0.045

10 0.035 0.005 0.109 0.020 0.059 0.059 0.020 0.005

11 0.050 0.079 0.292 0.010 0.064 0.144 0.391 0.059
11.3 0.050

12 0.218 0.050 0.129 0.045 0.144 0.054 0.173 0.025 0.144 0.005
12.2 0.045
12.3 0.005

13 0.238 0.153 0.153 0.020 0.282 0.025 0.198 0.035
13.2 0.010 0.059

14 0.208 0.248 0.005 0.025 0.153 0.149 0.272 0.129 0.312 0.040 0.079
14.2 0.084 0.005

15 0.149 0.104 0.188 0.198 0.059 0.208 0.005 0.030 0.282 0.233 0.035 0.193
15.2 0.059 0.005
15.3 0.005

16 0.099 0.030 0.099 0.158 0.005 0.144 0.089 0.287 0.025 0.094 0.262
16.2 0.025
16.3 0.084

17 0.005 0.153 0.010 0.183 0.203 0.059 0.223 0.010 0.005 0.104
17.3 0.020

18 0.292 0.005 0.109 0.025 0.020 0.050 0.015 0.109 0.119
18.2 0.010
18.3 0.035

19 0.193 0.002 0.158 0.005 0.198 0.035 0.149 0.079
19.1 0.004
19.2 0.015 0.005
19.3 0.020

20 0.144 0.045 0.094 0.045 0.149 0.040
20.2 0.010 0.005

21 0.030 0.030 0.124 0.084 0.084 0.005
21.2 0.005

22 0.020 0.010 0.168 0.213  0.020 0.005
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Allele D10S1248 D12S391 D1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA
222 0.005 0.010
23 0.030 0.104 0.168

23.2 0.010
24 0.050 0.203

24.2 0.010
25 0.005 0.074 0.059 0.005
26 0.010 0.010 0.069 0.005
26.2 0.050
27 0.109 0.005 0.035 0.005
27.2 0.025
28 0.267 0.020

28.2 0.020
29 0.223 0.010

29.2 0.030
30 0.064

30.2 0.030 0.015
31 0.059

31.2 0.069

32 0.010

32.2 0.079

33 0.005

33.2 0.020

34 0.015

35 0.030

36 0.010

Table 3.5. continued
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Table 3.6. Forensic parameters across 101 individuals from the Yoruba subpopulation typed at 16 autosomal STR loci using the QIAGEN™ Investigator

ESSplex SE QS Kit

Locus N Allele (n) Allele (v) Allele (e) Hobs Hexp H, HWE RMP PIC PD PE PI Fis
D10S1248 101 202 8 5.433 0.842 0.820 0.18 0.882 0.065 0.790 0935 0.678 3.156 -0.031
D12S391 101 202 11 5.441 0.812 0.824 0.176  0.518 0.058 0.798 0.942 0.621 2.658 0.005
D1S1656 101 202 15 5.943 0.842 0.855 0.145 0.154 0.047 0.834 0953 0.678 3.156 -0.012
D16S539 101 202 7 4.484 0.752  0.781 0.219 0.408 0.090 0.743 0910 0.514 2.020  0.032
D18S51 101 202 13 7.074 0.891 0.863 0.137 0.925 0.042 0.843 0958 0.777 4591 -0.038
D19S433 101 202 12 4.385 0.851 0.856 0.144 0400 0.043 0.837 0957 0.698 3.367 -0.103
D21S11 101 202 15 5.945 0.931 0.850 0.15 0.010 0.067 0.830 0933 0.858 7.214 -0.119
D228S1045 101 202 10 6.454 0.881 0.849 0.151 0.091 0.059 0.826 0941 0.757 4208 -0.043
D2S1338 101 202 13 8.093 0.901 0.883 0.117 0.390 0.037 0.866 0963 0.797 5.050 -0.028
D2S441 101 202 8 3.297 0.703 0.742 0.258 0.904 0.102 0.700 0.898 0.433 1.683  -0.009
D3S1358 101 202 7 4.322 0.733  0.772  0.228 0.586 0.094 0.731 0906 0.481 1.870  0.047
D8S1179 101 202 8 4.633 0.802 0.788 0212 0.955 0.081 0.752 0919 0.603 2.525 -0.023
FGA 101 202 17 7.136 0.871 0.868 0.132 0.579 0.041 0.850 0959 0.737 3.885 -0.013
SE33 101 202 27 10.351 0921 0914 0.086 0.401 0.024 0902 00976 0.838 6.313 -0.019
THO1 101 202 5 2.960 0.683 0.675 0325 0.897 0.150 0.631 0.850 0.403 1.578 -0.032
vWA 101 202 10 5912 0.752  0.835 0.165 0.238 0.054 0.810 0946 0.514 2.020  0.094

N - Number of unrelated individuals

Allele (n) - Number of alleles surveyed

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

H, - Observed heterozygosity

Hexp - Expected heterozygosity

Hom_exp - Expected homozygosity

HWE - Hardy-Weinberg Equilibrium probability

RMP - Random Match Probability

PIC - Polymorphism Information Content

PD - Power of Discrimination

PE - Power of Exclusion

TPI - Typical Paternity Index

Fis - Fixation Index - Individual within the Subpopulation
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Table 3.7. Distribution of allele frequencies across 16 autosomal STR loci in the QIAGEN™ Investigator ESSplex SE QS Kit, analysed within 100 individuals
from the Hausa-Fulani subpopulation sample.

Allele D10S1248 D12S391 D1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA

6 0.105

7 0.48

8 0.025 0.19

9 0.005 0.255 0.005 0.18

9.3 0.045

10 0.01 0.03 0.125 0.01 0.04 0.09 0.015
10.2 0.005 0.005

11 0.05 0.075 0.255 0.005 0.09 0.14 0.415 0.015
11.3 0.05

12 0.18 0.03 0.17 0.065 0.13 0.045 0.15 0.005 0.1 0.005
12.2 0.045 0.01

13 0.215 0.16 0.16 0.02 0.255 0.055 0.005 0.22 0.01
13.2 0.005 0.08
13.3 0.005

14 0.265 0.22 0.01 0.06 0.195 0.05 0.205 0.085 0.37 0.045 0.045
14.2 0.07 0.01
14.3 0.005 0.005

15 0.17 0.065 0.175 0.18 0.045 0.225 0.035 0.26 0.23 0.015 0.215
15.2 0.04 0.01
15.3 0.01

16 0.095 0.075 0.11 0.195 0.015 0.205 0.055 0.32 0.04 0.085 0.275
16.1 0.005
16.2 0.02
16.3 0.12

17 0.01 0.13 0.01 0.18 0.255 0.12 0.24 0.01 0.085 0.195
17.2 0.005
17.3 0.01 0.035

18 0.325 0.005 0.105 0.035 0.04 0.08 0.02  0.09 0.15
18.2 0.03
18.3 0.005 0.005

19 0.17 0.095 0.005 0.195 0.05 0.115 0.075
19.2 0.01
19.3 0.01

20 0.115 0.045 0.045 0.015 0.1 0.03
21 0.06 0.02 0.155 0.16  0.09 0.005
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Allele D10S1248 D12S391 D1S1656 D16S539 DI18S51 D19S433 D21S11  D22S1045 D2S1338 D2S441 D3S1358 D8S1179 FGA SE33 THO01 vWA

22 0.01 0.015 0.19 0.205 0.035
22.2 0.005
23 0.025 0.005 0.055 0.17

23.2 0.005
24 0.01 0.055 0.135

24.2 0.015
25 0.07 0.09  0.005
25.2 0.045
26 0.005 0.01 0.045

26.2 0.06
27 0.06 0.01 0.03

27.2 0.05
28 0.305 0.03  0.005
28.2 0.065
29 0.155

29.2 0.015
30 0.15

30.2 0.04 0.02
31 0.08

31.2 0.035 0.005 0.005
32 0.025

32.2 0.04

33 0.01

33.2 0.05 0.005
34 0.015

34.2 0.005

35 0.02

36 0.005

Table 3.7. continued
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Table 3.8. Forensic parameters across 100 individuals from the Hausa-Fulani subpopulation typed at 16 autosomal STR loci using the QIAGEN™
Investigator ESSplex SE QS Kit

Locus N Allele (n) Allele (v) Allele (e) Hiobs He H, HWE RMP PIC PD PE TPI Fis
D10S1248 100 200 9 5.323 0.850 0.816 0.184 0.830 0.069 0.786 0.931 0.695 3.333  -0.047
D12S391 100 200 12 5.379 0.860 0.824 0.176 0.882 0.058 0.800 0.942 0.715 3.571  -0.056
D1S1656 100 200 16 5.780 0910 0.864 0.136 0.269 0.047 0.845 0953 0.816 5.556 -0.100
D16S539 100 200 7 5.009 0.810 0.806 0.194 0911 0.073 0.772 0927 0.618 2.632  -0.012
D18S51 100 200 15 7.460 0920 0.871 0.129 0.733 0.042 0.852 0958 0.836 6.250 -0.062
D19S433 100 200 13 4.353 0.820 0.859 0.141 0.177 0.045 0.839 0955 0.637 2.778  -0.065
D21S11 100 200 17 5.598 0.780 0.847 0.153 0.024 0.051 0.828 0.949 0.562 2.273 0.050
D22S1045 100 200 9 5416 0.790 0.819 0.181 0.495 0.063 0.790 0.937 0.581 2.381 0.031
D2S1338 100 200 12 7.590 0.790 0.873 0.127 0.034 0.044 0.856 0956 0.581 2.381 0.090
D2S441 100 200 8 3.412 0.790 0.753 0.247 0.877 0.098 0.718 0902 0.581 2.381 -0.118
D3S1358 100 200 8 4.144 0.800 0.763 0.237 0.544 0.115 0.719 0.885 0.599 2.500 -0.054
D8S1179 100 200 8 3.994 0.780 0.753 0.247 0991 0.104 0.711 0.896 0.562 2273  -0.040
FGA 100 200 15 7.516 0.880 0.874 0.126 0.614 0.037 0.855 0963 0.755 4.167 -0.015
SE33 100 200 28 13.450 0960 0934 0.066 0943 0.017 0925 0983 0919 12.500 -0.037
THO1 100 200 5 3.047 0.730 0.692 0308 0.992 0.140 0.646 0.860 0.476 1.852  -0.087
vWA 100 200 9 5.234 0.840 0.813 0.187 0.337 0.080 0.782 0.920 0.675 3.125 -0.038

N - Number of unrelated individuals

Allele (n) - Number of alleles surveyed

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

H, - Observed heterozygosity

Hexp - Expected heterozygosity

Hom_exp - Expected homozygosity

HWE - Hardy-Weinberg Equilibrium probability

RMP - Random Match Probability

PIC - Polymorphism Information Content

PD - Power of Discrimination

PE - Power of Exclusion

TPI - Typical Paternity Index

Fis - Fixation Index - Individual within the Subpopulation
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Table 3.9. Summary of private alleles by subpopulation using the QIAGEN™ Investigator

ESSplex SE QS Kit
Subpopulation/ Ethnic group Locus Allele Frequency
THO1 10 0.005
D3S1358 19 0.005
D19S433 9 0.005
Igbo (N =102) SE33 13 0.010
D10S1248 8 0.010
D10S1248 18 0.005
D10S1248 19 0.005
D18S51 9 0.005
vWA 22 0.005
Yoruba (N =101) FGA 17 0.005
D12S391 25 0.005
D2S1338 15 0.005
D18S51 23 0.005
D19S433 17.2 0.005
FGA 16.1 0.005
Hausa-Fulani (N =100) FGA 31,2 0.005
SE33 31.2 0.005
SE33 33.2 0.005
D10S1248 9 0.005
D12S391 24 0.010

The entire Nigerian dataset recorded 63 different alleles across the 16 autosomal loci, with sizes
ranging from 6 to 36. Microvariant alleles were detected at the loci THO1, D18S51, SE33, D2S441,
D19S433, D1S1656, D3S1358, FGA, D12S391, and D21S11 among the three ethnic groups, with
variations in their respective proportions. The allele frequencies across all 303 unrelated individuals
in the Nigerian population ranged from 0.002 to 0.493, with allele 7 at the THO1 marker being
detected at the highest frequency (0.493) (Table 3.1). Among the loci surveyed in the total Nigerian
population, locus SE33 was the most polymorphic (PIC = 91.7%), the most discriminative (PD =
98.5%), followed by D2S1338 (PIC = 86.8%, PD =96.9%). The SE33 locus also demonstrated the
highest Power of Elimination (PE = 83.8%) and the highest number of allelic variants (v = 34). In
comparison, D18S51 (PE =76.4%) and FGA (v = 19) had the second highest Power of Elimination
and number of allelic variants, respectively. Locus SE33 may be considered the most informative
marker among the 16 loci (Table 3.2). Conversely, THO1 was the least informative with the lowest
Polymorphic Information Content (PIC = 64.0%), Power of Elimination (PE =42.8%), Power of
Discrimination (PD = 85.5%) and the smallest number of allelic variants (v = 6). The Typical
Paternity Index ranged from 1.665 (THOI) to 6.313 (SE33) across the 16 loci (Table 3.2). The

Combined Power of Elimination (CPE) and the Combined Power of Discrimination (CPD) for the
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16 loci were higher than 99.9999%. The Combined Match Probability (CMP) for all 16 loci was
4.71 x 102!, This conveys high evidential strength, with a likelihood ratio of 1 in 2.12 x 10 for
finding two individuals with the same profile within the same population. The high discriminatory
power and robust forensic parameters confirm that the QITAGEN™ Investigator ESSplex SE QS

Kit is effective for conducting forensic DNA analysis in the Nigerian population.

The analysis of 16 autosomal loci in the Igbo dataset identified 59 distinct alleles, with sizes from
6 to 36. The allele frequencies among 102 unrelated individuals ranged from 0.005 to 0.495, with
the highest frequency for Allele 7 at the THO1 marker (0.495) (see Table 3.3). Locus SE33 was
the most polymorphic (PIC =91.3%) and discriminative (PD = 98.0%), followed by D2S1338 (PIC
=87.2%, PD =96.3%). SE33 also had the highest number of allelic variants (v = 24) and Power of
Elimination of 76.0% (Table 3.4). In contrast, THO1 was the least polymorphic and discriminative
(PIC = 63.1%, PD = 84.2%) and had the lowest Power of Elimination (PE = 40.7%) with the
smallest number of allelic variants (v = 6). The Typical Paternity Index (TPI) ranged from 1.594
(THO1) to 6.375 (D2S1338) (Table 3.4). The Combined Power of Exclusion (CPE) and
Discrimination (CPD) for all loci exceeded 99.9999%, and the Combined Match Probability (CMP)
was 6.10 x 10", indicating an extremely low chance of two individuals sharing the same profile

(LR=11in1.64x 10").

Considering the Yoruba subpopulation distinctly, the dataset showed 58 distinct alleles, ranging
from 6 to 36. The allele frequencies among 101 unrelated individuals ranged from 0.005 to 0.505,
with Allele 7 at the THO1 marker being the most frequent (Table 3.5). Locus SE33 was the most
polymorphic (PIC = 90.2%) and discriminative (PD = 97.6%), followed by D2S1338 (PIC =
86.6%, PD = 96.3%). D2S11 had the highest Power of Elimination (PE = 85.8%), followed by
SE33 (PE = 83.8%). Notably, SE33 also had the highest number of allelic variants (v = 27),
followed by FGA (v=17) (Table 3.6). Conversely, THO1 was the least polymorphic (PIC = 63.1%)
and discriminative (PD = 85.0%) loci and had the lowest Power of Elimination (PE = 40.3%) with
the smallest number of allelic variants (v = 5). The Typical Paternity Index ranged from 1.578
(THO1) to 7.214 (D21S11) (Table 3.6). The Combined Power of Exclusion (CPE) and
Discrimination (CPD) exceeded 99.9999%, and the Combined Match Probability (CMP) was 2.60
x 10%°, indicating a very low chance of matching profiles in the population (L.R =1 in 3.84 x 10'°).

The Hausa-Fulani dataset identified 61 distinct alleles, with sizes ranging from 6 to 36. The allele
frequencies among 100 unrelated individuals varied from 0.005 to 0.480, with allele 7 at the THO1
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marker having the highest frequency (0.480) (Table 3.7). Locus SE33 was the most polymorphic
(PIC = 92.5%) and discriminative (PD = 98.3%), followed by D2S1338 (PIC = 85.6%) and FGA
(PD =96.3%). SE33 exhibited the highest Power of Elimination (PE = 91.9%) and had the largest
number of allelic variants (v = 28), while D18S51 (PE = 83.6%) and D21S11 (v = 17) had the
second highest values (Table 3.8). In contrast, THO1 had the lowest polymorphic (PIC = 64.6%),
discriminative (PD = 86.0%), and Power of Elimination (PE = 47.6%) values, with the fewest
number of allelic variants (v = 5). The Typical Paternity Index varied from 1.852 (THO1) to 12.5
(SE33) across the 16 loci (Table 3.8). The Combined Power of Exclusion (CPE) and
Discrimination (CPD) for the 16 loci exceeded 99.9999%, with a Combined Match Probability
(CMP) of 3.03 x 10°%°, indicating a very low chance of two individuals sharing the same profile in

this population (L.R = 1 in 3.30 x 10'?).

Table 3.9 presents the private alleles (PAs) uniquely identified within specific subpopulations. A
total of 20 PAs were documented from a sample of 303 unrelated individuals. Both the Igbo and
Hausa subpopulations identified 8 PAs each. In contrast, the Yoruba subpopulation recorded only
4 PAs, the lowest number among the subpopulations studied. It is crucial to recognize that the

sample size can greatly influence the distribution of alleles among these Nigerian subpopulations.

3.4.4 INTER-SUBPOPULATION RELATIONSHIP

Exact tests of Hardy—Weinberg equilibrium based on Monte Carlo simulations revealed no
significant deviations (p < 0.05) across loci in the pooled Nigerian population prior to Bonferroni
correction (Table 3.2; Appendix 20). Furthermore, no locus remained significant following
correction for multiple testing. Within the Igbo subpopulation, no loci exhibited deviations from
Hardy—Weinberg equilibrium prior to Bonferroni correction, and all loci conformed to equilibrium
expectations following correction (Table 3.4; Appendix 21). In the Yoruba subpopulation, locus
D21S11 showed a nominal deviation from the Hardy-Weinberg equilibrium prior to Bonferroni
correction (Table 3.6). However, this deviation was not significant after correction for multiple
testing, and all other loci remained in Hardy—Weinberg equilibrium (Appendix 22). In the Hausa
subpopulation, loci D21S11 and D2S1338 exhibited significant deviations from the Hardy-
Weinberg equilibrium prior to Bonferroni correction (Table 3.8). However, none of these loci
remained significant following correction for multiple testing (Appendix 23). Overall, these
findings indicate that the QTAGEN™ Investigator ESSplex SE QS Kit demonstrates high forensic
suitability for DNA profiling within Nigerian subpopulations and the pooled Nigerian population.
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F-statistics Genetic Distance

Wright's F-statistics were calculated and averaged across all loci to estimate the genetic
differentiation and inter-subpopulation relationships among the Igbo, Yoruba, and Hausa-Fulani
subpopulations. The Fsr values for the entire Nigerian population (as shown in Table 3.2) ranged
from 0.002 to 0.006 across loci, indicating very low genetic differentiation among the Igbos,
Yorubas, and Hausa-Fulanis. Locus D21S11 exhibited the highest Fsr value at 0.006, while
D3S1358, D19S433, and D2S441 had the lowest F'sr values, each at 0.002.

Table 3.10.  Fsr value comparison between the Igbo, Yoruba, and Hausa-Fulani
subpopulation using the QIAGEN™ Investigator ESSplex SE QS Kit
Subpopulation Igbo Yoruba Hausa-Fulani
Igbo 0.000
Yoruba 0.002 0.000
Hausa-Fulani 0.003 0.002 0.000

Table 3.10 presents the pairwise population Fsr values, which reflect the level of genetic
distinctiveness among the Igbo, Yoruba, and Hausa-Fulani populations. The Fsr values indicate
very low levels of differentiation between these groups. The Igbo appear slightly more genetically
differentiated from the Yoruba, with an Fsr value of 0.002. At the same time, they are nearly
identical to the Hausa-Fulani, who have an Fsr value of 0.003. Similarly, the Yoruba and Hausa-
Fulani populations show a minimal Fsr value of 0.002. These results signify that the three

subpopulations have a high level of genetic similarity.

The Fis values (Table 3.2), also known as the inbreeding coefficient, showed negative values (-
0.092 to -0.025) at most loci, indicating an excess of heterozygotes. This suggests no significant
impact of inbreeding was detected within the subpopulations. Locus D16S539 exhibited the highest
Fis value (0.025), while D19S433 had the lowest (-0.092). Most loci showed negative Fis values,
with exceptions including D16S539 (0.025), vWA (0.004), D2S1338 (0.006), and FGA (0.007).
The Fis values varied across subpopulations: -0.108 to 0.057 in the Igbo (Table 3.4), -0.119 to
0.094 in the Yoruba (Table 3.6), and -0.118 to 0.090 in the Hausa-Fulani (Table 3.8). Each group

displayed only a few positive values, showing overall similar results.

The Fir value was statistically similar to the Fis value based on the expected heterozygosity, as it
considers the inbreeding of individuals within an overall population. The Fjr values for the Nigerian
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population (refer to Table 3.2) were generally low, ranging from -0.090 to 0.030 across all loci in
the total population. These values indicate no significant inbreeding within or between the

populations.

Population Structure

STRUCTURE was used to examine the inter-subpopulation relationships among the Igbo, Yoruba,
and Hausa-Fulani subpopulations. The Mean LnP(K) + SD analysis (see Appendix 26) revealed
inconsistencies in estimating the average log probability at K = 4, as indicated by the high standard
deviation (SD) shown in Figure 3.5. The transition from K =4 to K = 5 shows a slight increase in
log-likelihood but does not correspond to a significant improvement in Delta K. The Mean LnP(K)
compared the likelihood of different K values generated by STRUCTURE with the higher value,
suggesting a better fit for K. The insight on the robustness of the model for a given K was provided

by the Mean LnP(K)£SD to help assess the stability of the estimate of the population structure
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Figure 3.5. The mean log-likelihood (£SD) of the data for a given number of population (K)
computed across five repeat runs and iterations of the STRUCTURE program.
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According to the method developed by Evano et al. (2005), the optimal K value identified was 5
(see Figure 3.6 and Appendix 26). This suggests that there are five genetically distinct sub-
populations, with the highest Delta K recorded for this value. The rate of change in Delta K assists
in selecting the appropriate population size (K) by comparing the likelihood between different K
values. A higher Delta K value indicates the optimal number of populations in the dataset. Although
K=1 was expected, the Evanno method (Delta K) does not assess K=1 because Delta K is undefined
at that level, as it relies on the second order of change, which is also undefined at K=1.
STRUCTURE primarily identifies the most pronounced levels of population structure without using

prior information about individual origins (Pritchard et al., 2000).
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Figure 3.6. The change in the log-likelihood rate (Delta K) for each value of K computed
across five repeated runs and iterations of the STRUCTURE program.

The analysis of assumed populations across values of K (from K = 1 to K = 10) revealed no
population structuring detected among the Igbo, Yoruba, and Hausa-Fulani subpopulations based
on the bar plots (Figure 3.7). Although K =5 was identified as the optimal result (Delta K), Figure
3.7 shows no genetic differentiation in the ancestry proportions of individuals within each group

for K values from K =1 to K = 10.
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Figure 3.7. The population stratification of the Igbo, Yoruba, and Hausa-Fulani
subpopulations within the Nigerian population. This was computed over five repeated runs
and iterations using the STRUCTURE program. The assumed populations, ranging from K=
to K =10, are represented by a colour bar. Each vertical line corresponds to an individual
(total = 303) assessed based on data from 16 autosomal loci using the QIAGEN™ Investigator
ESSplex SE QS kit. The amount of colour in each bar represents the individual's genetic
ancestry to each K population.
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Principal Component Analysis

To examine the relationships among different groups in Nigeria, Principal Component Analysis
(PCA) was used to investigate population differentiation across the Igbo, Yoruba, and Hausa-
Fulani subpopulations. PCA helps uncover hidden relationships among these ethnic groups by
analysing genetic data without requiring prior knowledge of their ancestral backgrounds. It
simplifies genetic datasets while preserving significant variation. This approach helps find patterns
in the Nigerian population genetic structure without bias. Similar samples are expected to cluster
together, while dissimilar samples are expected to cluster separately when visualised on a PCA
plot. Investigating genetic segregation patterns among the Igbo, Yoruba, and Hausa-Fulani ethnic
groups involved analysing the full dataset from 303 unrelated individuals. This analysis utilised
loci information from 16 autosomal STR to visualise genetic differentiation. As shown in Figure
3.8, the results revealed no differentiation among the 303 unrelated individuals from the three

ethnic groups based on the examined samples, as no data clustering was observed from different

subpopulations.
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Figure 3.8.  Result of the Principal Component Analysis (PCA) conducted on the Igbo,
Yoruba, and Hausa-Fulani subpopulations. This utilised 16 autosomal short tandem repeat
(STR) loci from the QIAGEN™ Investigator ESSplex SE QS Kkit. In the PCA plot, each dot
represents one of the 303 samples collected from unrelated individuals within the Nigerian
population.
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Neighbour-Joining (NJ)

The phylogenetic distance among the three sub-populations was evaluated using neighbour-joining
(NJ) method to assess their inter-subpopulation relationships. The tree was constructed using data
from the pairwise Nei’s genetic distance population matrix (see Appendix 24), which was
calculated based on 16 autosomal STR loci. The results, shown in Figure 3.9 displayed a similar
pattern of population differentiation to the pairwise Fsr values among the Igbo, Yoruba, and Hausa-
Fulani ethnic groups. As anticipated, the NJ analysis revealed very low levels of inter-
subpopulation variation, suggesting a high degree of genetic similarity between the three

populations.
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Figure 3.9. Neighbour-joining (NJ) tree based on pairwise Nei’s Genetic Distance illustrating
the clustering of the Igbo, Yoruba, and Hausa—Fulani subpopulations, with Egypt included
as an outgroup. This analysis utilized 16 autosomal short tandem repeat (STR) loci from the
QIAGEN™ Investigator ESSplex SE QS Kit.

However, the phylogenetic tree indicates that the Igbos are slightly genetically differentiated from
the Yorubas than the Hausa-Fulanis. This is likely due to the Yorubas' geographical proximity
(located in the South-West) to the Igbos' (located in the South-East). Conversely, the Hausa-Fulanis

are slightly genetically closer to the Yorubas than to the Igbos.

3.5 DISCUSSION
This research analysed the population genetics of 303 unrelated Nigerians from the Igbo, Yoruba,
and Hausa-Fulani ethnic groups using 16 autosomal STR markers from the QIAGEN™

Investigator ESSplex SE QS Kit. All samples produced full STR profiles except for those with off-
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ladder alleles. The STR profiles were utilised to calculate allele frequencies and forensic genetic
parameters and to assess inter-subpopulation relationships using STRUCTURE, PCA, and NJ
methods. Previous studies have generated allele frequency data for the Nigerian population. Agbo
et al. (2017) and Okolie et al. (2017) reported this data using different sets of genetic markers: the
21 autosomal STR loci of the Qiagen Investigator 24plexGO! Kit and the 15-loci in the
AmpF/STR™ Identifiler™ Direct PCR Amplification Ki¢ from ThermoFisher Scientific contain
core CODIS loci. Hohoff et al. (2009) also conducted similar work using the 16 STR loci in the
PowerPlex ES Kit from Promega, the AmpF/STR Identifiler, Profiler, and SEFiler PCR
amplification kits from Applied Biosystems for the autosomal STR alleles. However, no studies
have been conducted using the QIAGEN™ Investigator ESSplex SE QS Kit on the Nigerian
population. This kit was selected because it includes essential DNA markers (CODIS and ESS
loci), has built-in quality controls (QS1 and QS2), and works well with degraded or low amounts
of DNA. It helps fill gaps in current data and provides reliable DNA profiles for forensic and

population genetics research.

Based on the estimation of the allele frequencies, forensic parameters and test of effectiveness, the
overall data showed that all the genetic markers of the QITAGEN™ Investigator ESSplex SE QS
Kit are very polymorphic across the Igbo, Yoruba, and Hausa-Fulani subpopulations. It was
discovered that locus SE33 was the most polymorphic and consistently discriminative due to
possessing the largest number of allelic variants. Although SE33 demonstrates high discriminatory
power due to its high level of polymorphism, it is not utilised in every country, such as the USA,
the Netherlands, and the UK. This is because it is not included in all STR kits or mandated by all
national forensic databases. The reason is usually related to technical issues and regional forensic
needs (Guo et al., 2014). On the other hand, THO1 ranked the lowest due to having fewer allelic
variants, but it was detected as the locus with the highest allele frequency (allele 7 in the THO1
marker) across the sample population and in two sub-populations (Igbo and Yoruba). Other

informative loci included D2S1338, D21S11, D2S441, FGA, and D18S51.

The Combined Power of Elimination (CPE) and Discrimination (CPD) calculated for the entire
population and subpopulations of the Igbos, Yorubas and Hausa-Fulanis were consistently higher
than 99.9%. According to Butler (2006), the Power of Discrimination (PD) considers the
probability that two randomly selected unrelated individuals will not have an identical genotype at
a specific locus within a population. In contrast, the Power of Exclusion (PE) is the probability of

excluding a randomly chosen non-related individual as a contributor of alleles at a given locus in
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that population. This further demonstrates the richness of information of the QIAGEN™
Investigator ESSplex SE QS Kit in effectively analysing the Nigerian population and

discriminating among individuals.

Exact tests of Hardy—Weinberg equilibrium (HWE) were performed for all autosomal STR loci
using Monte Carlo simulations, which are appropriate for highly polymorphic, multi-allelic
markers and moderate sample sizes (Guo and Thompson, 1992; Butler, 2015). Statistical
significance was assessed before and after Bonferroni correction for multiple testing. In the
Nigerian population studied, none of the loci showed significant deviations from the Hardy-
Weinberg equilibrium at the 0.05 significance level before Bonferroni correction. Furthermore, all
loci conformed to Hardy—Weinberg expectations following correction for multiple testing,
indicating overall equilibrium across the combined dataset. Within the Igbo subpopulation, all loci
adhered to Hardy—Weinberg equilibrium both before and after Bonferroni correction, with no
evidence of deviation detected across the analysed loci. In the Yoruba subpopulation, a nominal
deviation from the Hardy-Weinberg equilibrium was seen at locus D21S11, but it was not
significant after Bonferroni correction. All other loci met equilibrium expectations. The Hausa-
Fulani subpopulation showed nominal deviations at loci D21S11 and D2S1338, but none were
significant following Bonferroni correction, indicating that the population generally conformed to
Hardy-Weinberg expectations. The few nominal deviations observed before correction could be
attributed to sampling effects commonly observed in STR datasets and do not necessarily indicate
genotyping error or true biological disequilibrium (Butler, 2015). The absence of significant
deviation in the pooled Nigerian population further indicates that pooling individuals from the Igbo,
Yoruba, and Hausa subpopulations did not introduce detectable population structure effects. This
aligns with the findings of Agbo et al. (2017), Okolie et al. (2017), and Hohoff ef al. (2009), who
demonstrated conformity with Hardy-Weinberg expectations in the Nigerian population. Allele and
genotype frequencies in a population should remain constant from generation to generation unless
altered by some evolutionary force, including non-random mating (including inbreeding), genetic
drift, natural selection, mutation, migration (gene flow), founder effect, population bottleneck, and
meiotic drive (Gillespie, 2004). According to Butler (2015), the problem with a potentially
significant HWE test is that this may indicate that evolutionary forces such as natural selection,

genetic drift, migration, and mutation are impacting allele/genotype frequencies.

The Fsrvalues of each locus calculated and averaged in this experiment recorded very low levels

of differentiation between the Igbo, Yoruba, and Hausa-Fulani subpopulations, indicating a high
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level of genetic similarity among the three populations. This outcome aligns with the findings of
Akpan et al. (2024), who reported a similar pattern of pairwise Fsr values indicating genetic
similarity among the Igbo, Yoruba, Hausa, Ibibio, and Tiv populations. Their results revealed that
the Igbo and Yoruba populations are genetically closer to each other but slightly more distinct from
the Hausa. The pairwise Fsr-based similarity between the Yoruba and Igbo populations was 0.993,
indicating the highest genetic similarity among the five studied populations. The Yoruba-Tiv
similarity was 0.987, Yoruba-Ibibio was 0.990, and Yoruba-Hausa was 0.992. In contrast, the Igbo-
Ibibio similarity was the lowest at 0.895 (Akpan et al., 2024). In a forensic context, the Fsr value
is often utilised to assess the degree of differentiation and understanding of the structure of a

population between different groups or sub-groups (Butler, 2011).

The study, which focused on genetic structure, NJ and PCA analysis, indicated a low genetic
differentiation and high level of genetic similarity between the Igbo, Yoruba, and Hausa-Fulani
ethnic groups. The analysis of the population structure for the QTAGEN™ Investigator ESSplex
SE QS Kit revealed Delta K values that suggested the presence of five populations. However, the
bar plot of the population stratification showed no genetic differentiation among these
subpopulations. This finding shows that the report stating there are 5 subpopulations in Nigeria is
not correct. It suggests that the Delta K method has limitations in distinguishing between these
subpopulations. Therefore, it is recommended to conclude that there is only a single genetic
population across the subpopulations in Nigeria, as the bar plot results did not indicate any genetic
structure. The PCA results suggest that the Igbo, Yoruba, and Hausa-Fulani may share historical
and genetic connections. Over the centuries, ethnic group interactions may have promoted gene
flow and reduced stratification between these ethnic groups in Nigeria (Okolie et al., 2017; Akpan
et al., 2024). The highly overlapping allele frequencies also indicate that the various ethnic groups
are genetically close. Although the NJ analysis revealed some subtle genetic clusters indicating that
the Igbos are genetically more similar to the Yorubas than to the Hausa-Fulanis, the Hausa-Fulanis
show a slight genetic similarity to the Yorubas compared to the Igbos. However, the analysis did
not show a well-established population stratification that could differentiate these subpopulations.
This lack of distinction may be caused by limited gene flow caused by the geographic distance
between southeastern and northern Nigeria, resulting in less migration and intermarriage in these
regions than in southern Nigeria (Adeyemo ef al., 2005). According to Okolie et al. (2017), the low
genetic differentiation observed in the Nigerian population could be attributed to gene flow, shared
ancestry, and the large size of the population with subpopulations continuously mixing through

intermarriage, trade, or migration over time. The Igbo in South-East, the Yoruba in the South-West,
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and Hausa-Fulani in the North Nigeria the have historically interacted, which may have led to

genetic exchange.

3.6 CONCLUSION

The research established the forensic utility of the 16 autosomal polymorphic STR markers
included in the QITAGEN™ Investigator ESSplex SE QS Kit for analysing the Nigerian population
and discriminating among individuals of the Igbo, Yoruba, and Hausa-Fulani tribes in the Nigerian
population. The 16 STR markers generated informative allele frequency data and were highly
polymorphic and discriminatory, which makes them useful in forensic testing and the demographic
and anthropological study of the Nigerian population. The study revealed that locus SE33 was the
most informative and remained consistently discriminative due to the locus possessing the most
allelic variants in all sub-populations. At the same time, THO1 ranked the lowest due to fewer
allelic variants but had the highest detected allele frequency. The Hardy-Weinberg Equilibrium
(HWE) displayed no significant deviation from expectations across loci and across subpopulations.
The F-statistics, population structure, PCA, NJ analysis conducted in this experiment recorded very
low differentiation in the population genetic structure. The study has also revealed that the Igbo
ethno-linguistic group is slightly genetically closer to the Yorubas than the Hausa-Fulanis, who are

much more immediate to the Yorubas.

Storage and transportation of the QIAGEN™ Investigator ESSplex SE QS kit in warm climates is
a limitation if not adequately considered. The kit components are sensitive to storage conditions,
requiring regular freezing to maintain the integrity of the reagents effectively. The forensic sector
of Nigeria is still developing and underutilised in crime investigation; therefore, the country needs
more well-trained personnel with expertise in forensic DNA to utilise the QTAGEN™ Investigator
ESSplex SE QS kit successfully and to ensure adequate quality control measures are implemented
as there are few experts in forensic genetics in the country. Furthermore, it is also essential to
validate the kit's performance with other ethnic groups to ensure reliable and accurate results.
Notably, the QTAGEN™ Investigator ESSplex SE QS kit showed good performance across the
samples collected from the three prominent ethnic groups, namely the Hausa-Fulani, Igbo and
Yoruba subpopulations. However, considering that Nigeria has over 300 ethnic groups with 500
spoken languages and English being the official language, a validation of the kit's performance

with other sub-populations is recommended.
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CHAPTER FOUR

AUTOSOMAL STR ANALYSIS OF THE NIGERIAN POPULATION USING THE
GLOBALFILER™ EXPRESS PCR AMPLIFICATION KIT

4.1 INRODUCTION

The GlobalFiler™ Express PCR Amplification Kit (Thermo Fisher Scientific, WA, USA) is an
STR multiplex PCR kit designed to amplify 21 autosomal STRs, one Y-linked indel, one Y-STR,
and the Amelogenin sex chromosome locus from human genomic DNA. In a single reaction, this
kit enables amplification and efficient separation of 24 markers using five-colour fluorescent
detection. It includes the 7 European Standard Set of Loci (ESSL), 13 original CODIS loci, the
highly discriminating SE33 locus, 2 Y-based loci, and a sex chromosome marker. The
GlobalFiler™ Express PCR Amplification Kit is optimized for direct DNA amplification from
buccal and blood samples collected on a paper substrate such as FTA® Cards (Whatman/GE
Healthcare), NucleoCard® (Macherey-Nagel), and 903 Protein Saver Cards (Whatman). It features
a robust PCR protocol that can produce results in less than an hour (Flores et al., 2014; Wang et
al., 2015). Highly sensitive and specifically designed for direct amplification from reference
samples, such as blood or buccal samples collected on swab substrates or on plain or chemically
treated paper, this kit is compatible with ABI 3500 Genetic Analyzers (Thermo Fisher Scientific).
Furthermore, the kit has been specifically designed with powerful features for analysing low-
template or degraded forensic DNA samples, particularly using short amplicons, robust enzymes,
and inhibitor-resistant chemistry. It has been successfully applied in forensic casework, including

forensic DNA typing and databasing (Wang et al., 2015; Larnane et al., 2024).

The number of STR loci used in the United Kingdom increased between 1995 and 2014. This
change was driven by advancements in technology that allowed for the development of upgraded
STR kits incorporating a larger number of loci. The smaller number of loci had previously resulted
in lower discriminatory power. In 2014, England and Wales adopted a new DNA profiling system
based on 17 STR loci. Several commercial STR kits were tested and approved for use by different
manufacturers. Conversely, Scotland implemented the 24 STR locus system using the
GlobalFiler™ kit produced by Thermo Fisher as the standard for DNA profiling, effective from
2015 (Johnson and William, 2004; Hopwood et al., 2012). While 17-locus kits are still in use in
England and Wales, laboratories have recommended 24-locus kits like GlobalFiler™ for their
higher resolution and sensitivity in distinguishing complex mixtures and aiding in mass disaster
identification, based on evolving guidance from the UK Forensic Science Regulator and standards

set by the National DNA Database (NDNAD) (Hartshorne et al., 2024).
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Nigeria has not yet established a national criminal DNA database for forensic purposes, as
lawmakers are still debating the project. The Federal Government has shown little commitment to
creating this database for several reasons: a lack of political support, a shortage of skilled workers,
and inadequate funding (Aborisade et al., 2024; Etim-Osa and Etim-Osa, 2019). The existing legal
framework in Nigeria poses significant challenges in establishing a forensic database as the legal
system currently lacks proper standards for packaging and labelling forensic evidence, as this
undermines the admissibility of most legal practitioners in handling criminal cases involving

forensic evidence.

4.2  AIM AND OBJECTIVES

This study aims to evaluate the population genetics of 303 unrelated Nigerian individuals from
three main ethnic groups: Hausa-Fulani, Igbo and Yoruba. The analysis will utilise 21 autosomal
STR markers from the 24-locus GlobalFiler™ Express PCR Amplification Kit (Thermo Fisher
Scientific), which will be reported for the first time for the Nigerian population. A secondary aim
is to assess the genetic information obtained and compare it with data generated using the Qiagen™
Investigator ESSplex SE QS Kit (as reported in Chapter 3), thereby contributing to and expanding

the existing genetic database of the Nigerian population.

The specific objectives for the work detailed in this chapter are as follows:

1. To generate allele frequency data that will contribute to developing an allele frequency
database for each sub-population group and the overall population.

2. To determine forensic parameters for each subpopulation and the overall population and
assess the kit's effectiveness and forensic utility.

3. To compare the inter-subpopulation genetic structure and examine the relationships between
the sub-populations.

4. To compare the genetic data generated by the GlobalFiler™ Express PCR Amplification Kit
with that from the Qiagen™ Investigator ESSplex SE QS Kit, and to assess the concordance
of results for loci common to both kits

5. Recommend the most suitable STR kit for establishing a forensic DNA database in Nigeria.

43  MATERIALS AND METHODS

Blood samples for the Nigerian population study were collected from different locations in Nigeria
and the United Kingdom, involving 303 unrelated individuals (167 males and 136 females), as
described in Chapter 2.2. Donors received participant information sheets and consent forms to

sign and return. Participants additionally received verbal explanations regarding the procedures for
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collecting the blood samples. STR profiling, data analysis, and statistical calculations were
conducted at the University of Strathclyde in Glasgow. Comprehensive procedures for sample
collection are outlined in Chapter 2.2, and the participation information sheet and consent form
are in Appendices 1 and 2. The DNA profiling technique, utilising a 1.2mm punch of blood sample
from the FTA® card, involved standard PCR and direct PCR with the GlobalFiler™ Express PCR
Amplification Kit (Thermo Fisher Scientific) as described in Chapters 2.5.1 and 2.5.2,
respectively. The capillary electrophoresis method, which detects and separates DNA fragments,
was performed using the ABI Genetic Analyzer 3500 with internal lane standard, the GeneScan™
600 LIZ™ Size Standard v2.0 and GlobalFiler™ Express Allelic Ladder, as detailed in Chapter
2.5.3. Data interpretation, including allele calling and genotype determination for the 21 autosomal
STR loci, was conducted using GeneMapper® ID-X software version 1.6 (Thermo Fisher
Scientific), as described in Chapter 2.4.4. Concordance analysis was performed for each sample
by comparing the allele calls at shared loci between the QTAGEN™ Investigator ESSplex SE QS
Kit and the GlobalFiler™ Express Kit. The procedure for calculating the allele frequencies and
various forensic parameters using the STR Analysis for Forensic (STRAF-A 2.2.2) online tool and
the Genetic Analysis in Excel (GenAIEx 6.5) platform was explained in Chapter 2.7.1. The
Wright's F-statistics (Fsr, Fis, and Fir) were evaluated using the Genetic Analysis in Excel
(GenAIEx 6.5) platform to assess genetic variation among the Igbo, Yoruba, and Hausa-Fulani
sub-populations compared to the total population, as explained in Chapter 2.7.1. To evaluate the
inter-subpopulation structure, STRUCTURE software version 2.3.4 was employed, as described in
Chapter 2.7.2. The software PAleontological Statistics (PAST 4.03) conducted Principal
Component Analysis (PCA) to assess sub-population differentiation, as explained in Chapter
2.7.2. As explained in Chapter 2.7.2, the software Molecular Evolutionary Genetics Analysis
(MEGA-11) was used to conduct a Neighbour-Joining analysis of the Igbo, Yoruba, and Hausa-

Fulani sub-populations.

44  RESULTS

4.4.1 STR GENOTYPING

The GlobalFiler™ Express PCR Amplification Kit successfully produced complete DNA profiles
for all 303 samples from blood spots on FTA cards for all 303 samples. This was achieved using
two techniques: the solid-phase silica gel column extraction method for 49 samples and the direct
PCR amplification approach for 254 samples. Blood samples that were challenging to amplify
using direct PCR were successfully amplified using standard PCR, which included DNA extraction

and quantification to obtain complete STR profiles. The DNA extraction and quantification
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processes overcame PCR inhibition, likely caused by matrix components in the samples that
hindered the effectiveness of the direct PCR method. Each DNA profile included 21 polymorphic
STR markers, the Y indel, the Y-STR, and the Amelogenin sex marker. Notably, all negative PCR
controls included in each assay showed no evidence of contamination. The DNA profile obtained

from the positive control sample (Figure 4.1) matched the expected profile.
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Figure 4.1.  Electropherogram of the GlobalFiler™ Express PCR Amplification DNA
Control 007 with the loci labelled with five dye colours distributed across five colour
channels.

4.4.2 STR OFF-LADDER ALLELE CALLS AND CONCORDANCE ANALYSIS
The GeneMapper® ID-X v1.6 software was utilised to analyse the data, which included allele
calling and genotype determination for 21 autosomal STR loci. During data interpretation, all

electropherograms generated with the GlobalFiler™ Express Kit were thoroughly examined for
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artefacts, including stutter peaks, pull-ups, and allelic dropouts. No off-ladder alleles or significant

artefacts were detected in the analysed samples, and no additional sample clean-up was necessary.

The results from samples processed with the QIAGEN™ Investigator ESSplex SE QS Kit were
compared to those obtained from the GlobalFiler™ Express Kit. This comparison was based on
allele data generated for the same samples at the same loci for those loci that were surveyed in both

kits.

The results generated from the GlobalFiler™ Express Kit were consistent with those from the
QIAGEN™ Investigator ESSplex SE QS Kit, except for results affected by off-ladder issues in the
Qiagen kit; off-ladder alleles were found in positions lacking bins, leading to their classification as

off-ladder.

The alleles that were not identified in the QTAGEN™ Investigator ESSplex SE QS Kit due to the
absence of designated bins in the ladder were successfully identified in the GlobalFiler™ Express
Kit, which included the necessary bins in its allelic ladder. The resolution of the off-ladder alleles
observed in the QTAGEN™ Investigator ESSplex SE QS Kit is illustrated in Figure 4.2a and 4.2b
(D12S391 locus), Figure 4.3 (D3S1358 locus), and Figure 4.4 (D1S1656 locus), based on the

comparison of STR alleles produced by the GlobalFiler™ Express Kit for the same samples.
The alleles identified for the D12S391 locus are 18.1, 20.1, and 17.1 (Figures 4.2a and 4.2b). For

the D3S1358 locus, the allele is 15.2 (Figure 4.3), while the D1S1656 locus shows 13.3 (Figure
4.4).
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Figure 4.2a. D12S391 alleles identified on the electropherogram using the GlobalFiler™
Express Kit, included appropriate bins from its allelic ladder with no off-ladder issues.
Results were compared to those from the QIAGEN™ Investigator ESSplex SE QS Kit in
Figure 4.2b.
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Investigator ESSplex SE QS Kit. The three allele calls are indicated in purple for the
GlobalFiler™ Express Kit (Figure 4.2a) and the off-ladder (OL) alleles and in black for the
QIAGEN™ Investigator ESSplex SE QS Kit, in comparison to their respective allelic ladders

of the corresponding locus shown in the lower panel. The alleles identified for the D12S391
locus are 18.1, 20.1, and 17.1
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GlobalFiler™ Express Kit — Locus D3S1358
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Figure 4.3. D3S1358 off-ladder alleles observed on th
GlobalFiler™ Express Kit (top) and the QIAGEN™ Investigator ESSplex SE QS Kit
(bottom). The off-ladder (OL) alleles are highlighted in blue for both kits, allowing for

comparison with their respective allelic ladders for the corresponding locus displayed in the
lower panel. The allele identified for the D3S1358 locus is 15.2.
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GlobalFiler™ Express Kit — Locus D1S1656
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Figure 4.4. D1S1656 off-ladder alleles observed on the electropherogram from the
GlobalFiler™ Express Kit (top) and the QIAGEN™ Investigator ESSplex SE QS Kit
(bottom). The off-ladder (OL) alleles are indicated in purple for the GlobalFiler™ Express
Kit and in green for the QTAGEN™ Investigator ESSplex SE QS Kit, in comparison to their
respective allelic ladders of the corresponding locus shown in the lower panel. The allele
identified for the D3S1358 locus is 13.3.
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4.4.3 ALLELE FREQUENCIES AND FORENSIC PARAMETERS

The GlobalFiler™ Express PCR Amplification Kit generated complete STR profiles from blood
samples on FTA cards collected from 303 unrelated Nigerians. The allele frequencies and forensic
parameters of Igbo, Yoruba, and Hausa-Fulani were calculated based on the total number of alleles
surveyed in the samples collected from the Nigerian population and separately calculated for the
sub-populations. Tables 4.1 and 4.2 present the allele frequencies and forensic parameters
computed for 303 unrelated individuals from the Nigerian population, with all participants from
the three subpopulations combined. Among the 303 Nigerian populations were 102, 101 and 100
Igbos, Yorubas and Hausa-Fulanis subpopulations, respectively. Tables 4.3 and Table 4.4, Tables
4.5 and Table 4.6, and Tables 4.7 and Table 4.8 display the allele frequencies and forensic
parameters generated for the Igbo, Yoruba, and Hausa-Fulani sub-populations, respectively. Table

4.9 presents the private alleles observed among the sub-populations.

The two software programs, STR Analysis for Forensic (STRAF-A 2.15), an online tool for
analysing STR data, and Genetic Analysis in Excel (GenAIEx 6.5), used for statistical data
analysis, facilitated quicker and more practical outputs. These software tools also generated
graphical representations (see Appendices 27 - 47) after calculating various allele frequencies and

forensic parameters.
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Table 4.1.

Allele frequencies among 303 Nigerian individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit

Allele CSF1PO D10S1248  D12S391 D13S317 D16S539 D18S51 D19S433 D1S1656  D21S11  D22S1045 D2S1338 D2S441 D3S1358 D5S818  D7S820 D8S1179 FGA SE33  THO1 TPOX VWA
5 0.002
6 0.003 0.002 0.127 0.073
7 0.045 0.005 0.492 0.040
8 0.083 0.003 0.010 0.020 0.005 0.081 0.172 0.203 0.289
9 0.045 0.002 0.007 0.251 0.002 0.002 0.003 0.015 0.153 0.135 0.259
9.3 0.041
10 0.295 0.018 0.028 0.124 0.010 0.015 0.048 0.066 0.073 0.350 0.015 0.002 0.127
10.2 0.002 0.003 0.003
10.3 0.003
11 0.203 0.040 0.276 0.302 0.008 0.089 0.068 0.158 0.403 0.233 0.200 0.036 0.177
11.3 0.043
12 0.236 0.183 0.452 0.153 0.051 0.130 0.040 0.053 0.167 0.010 0.305 0.104 0.119 0.005 0.033
12.2 0.048 0.008
12.3 0.002 0.005
13 0.069 0.224 0.158 0.142 0.020 0.259 0.144 0.040 0.003 0.266 0.017 0.195 0.003 0.002 0.026
13.2 0.018 0.066
13.3 0.002 0.002 0.002
14 0.012 0.254 0.059 0.008 0.040 0.177 0.254 0.096 0.239 0.111 0.013 0.003 0.366 0.046 0.002 0.071
14.2 0.002 0.079 0.005
14.3 0.002 0.002
15 0.002 0.177 0.074 0.002 0.188 0.041 0.177 0.213 0.002 0.036 0.274 0.013 0.228 0.035 0.188
15.2 0.053 0.002 0.005
15.3 0.008
16 0.086 0.051 0.200 0.007 0.112 0.168 0.069 0.318 0.002 0.031 0.079 0.290
16.1 0.002
16.2 0.038
16.3 0.104
17 0.010 0.135 0.170 0.015 0.221 0.089 0.229 0.010 0.002 0.099 0.186
17.1 0.002
17.2 0.002
17.3 0.003 0.033
18 0.002 0.002 0.317 0.107 0.003 0.035 0.031 0.050 0.012 0.102 0.124
18.1 0.002
18.2 0.021
18.3 0.002 0.017
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Allele CSF1PO D10S1248  D12S391 D13S317 D16S539 D18S51 D19S433 D1S1656  D21S11  D22S1045 D2S1338 D2S441 D3S1358 D5S818  D7S820 D8S1179 FGA SE33  THO1 TPOX VWA
19 0.002 0.185 0.114 0.003 0.003 0.191 0.002 0.066 0.140 0.074
19.1 0.008
19.2 0.002 0.010 0.003
19.3 0.007
20 0.134 0.040 0.063 0.040 0.111 0.033
20.1 0.002
20.2 0.005 0.003
21 0.046 0.026 0.153 0.112 0.084 0.005
212 0.003
22 0.018 0.008 0.165 0.216 0.023 0.002
222 0.002 0.008
23 0.021 0.002 0.078 0.172
232 0.008
24 0.003 0.069 0.168
242 0.010
25 0.002 0.064 0.073 0.002
252 0.026
26 0.005 0.017 0.045 0.002
26.2 0.056
27 0.079 0.008 0.030 0.002
27.2 0.048
28 0.297 0.020 0.003
28.2 0.038
29 0.175 0.005
29.2 0.017
30 0.117
30.2 0.031 0.017
31 0.079
31.2 0.050 0.002 0.002
32 0.015
322 0.053
33 0.007
332 0.031 0.002
34 0.015
342 0.002
35 0.038
36 0.007

Table 4.1. continued
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Table 4.2. Forensic parameters for 303 Nigerian individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit

Locus N Allele (n) Allele (v) Allele (e) Hobs Hexp Ho HWE  RMP PIC PD PE TPI Fsr Fir Fis
CSF1PO 303 606 14 4912 0.802 0.801 0.199 0.960 0.067 0.773 0.933 0.603 2.525 0.004 -0.007 -0.011
D10S1248 303 606 12 5.276 0.828 0.812  0.188 0.729 0.067 0.784  0.933 0.653 2913 0.004 -0.022 -0.026
D128391 303 606 14 5.352 0.835 0.819  0.181 0.896 0.057 0.797  0.943 0.665 3.030 0.002 -0.027 -0.029
D13S317 303 606 11 3.221 0.677 0.691 0.309 0.706 0.150 0.642  0.850  0.393 1.546 0.002 0.018 0.016
D16S539 303 606 7 4.682 0.762 0.788  0.212 0.982 0.077 0.754  0.923 0.531 2.104 0.005 0.030 0.025
D18S51 303 606 18 7.290 0.884 0.865 0.135 0.849 0.035 0.850  0.965 0.764  4.329 0.004 -0.025 -0.029
D19S433 303 606 14 4.510 0.848 0.859  0.141 0.443 0.036 0.843 0.964  0.691 3.293 0.002 -0.090 -0.092
D1S1656 303 606 16 5.680 0.858 0.854  0.146 0.331 0.041 0.836 0959  0.711 3.523 0.004 -0.042 -0.045
D21S11 303 606 16 5.830 0.848 0.847  0.153 0.072 0.046 0.831 0954  0.691 3.293 0.006 -0.024 -0.029
D22S1045 303 606 10 6.131 0.838 0.838  0.162 0.799 0.050 0.816 0.950  0.672 3.092 0.004 -0.002 -0.006
D2S1338 303 606 13 8.307 0.871 0.881 0.119 0.110 0.031 0.868 0.969  0.737 3.885 0.002 0.010 0.006
D2S441 303 606 9 3.418 0.736 0.745 0.255 0.878 0.101 0.708 0.899  0.486 1.894 0.002 -0.041 -0.043
D3S1358 303 606 9 4.100 0.759 0.757  0.243 0.994 0.105 0.715 0.895 0.525 2.075 0.004 -0.004 -0.007
D5S818 303 606 9 4.342 0.733 0.771 0.229 0.499 0.094 0.733 0.906  0.481 1.870 0.007 0.048 0.041
D7S820 303 606 8 4418 0.739 0.775 0.225 0.310 0.084 0.741 0916  0.492 1.918 0.005 0.044 0.040
D8S1179 303 606 8 4.154 0.776 0.761 0.239 0.996 0.094 0.724  0.906  0.555 2.228 0.004 -0.022 -0.026
FGA 303 606 19 7.395 0.855 0.869  0.131 0.498 0.034 0.854 0966  0.704  3.443 0.005 0.011 0.007
SE33 303 606 34 12.151 0.921 0.924  0.076 0.346 0.015 0917  0.985 0.838 6.313 0.003 -0.004 -0.007
THO1 303 606 6 3.027 0.700 0.682  0.318 0.977 0.145 0.640  0.855 0.428 1.665 0.003 -0.045 -0.048
TPOX 303 606 9 4.860 0.776 0.796  0.204 0.720 0.074 0.765 0.926  0.555 2.228 0.006 0.023 0.018
vWA 303 606 10 5.489 0.812 0.819  0.181 0.902 0.059 0.794  0.941 0.621 2.658 0.003 0.007 0.004
N - Number of unrelated individuals
Allele (n) - Number of alleles surveyed
Allele (v) - Number of different allelic variants
Allele (e) - Number of effective alleles
Ho - Observed heterozygosity
Hexp - Expected heterozygosity
Hom_exp - Expected homozygosity
RMP - Random Match Probability
HWE - Hardy-Weinberg Equilibrium probability
PIC - Polymorphism Information Content
PD - Power of Discrimination
PE - Power of Exclusion
TPI - Typical Paternity Index
Fst - Fixation Index - Subpopulation within the Total population
Fir - Fixation Index - Individual within the Total population
Fis - Fixation Index - Individual within the Subpopulation
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Table 4.3.

Allele frequencies among 102 Igbo individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit

Allele CSF1PO D10S1248  D12S391 D13S317 D16S539 D18S51 D19S433 D1S1656  D21S11  D22S1045 D2S1338 D2S441 D3S1358 D5S818  D7S820 D8S1179 FGA SE33  THO1 TPOX VWA
5 0.005
6 0.005 0.127 0.093
7 0.034 0.005 0.495 0.049
8 0.069 0.010 0.010 0.015 0.005 0.078 0.157 0.225 0.260
9 0.025 0.005 0.206 0.005 0.005 0.015 0.152 0.113 0.255
9.3 0.034
10 0.314 0.010 0.034 0.132 0.010 0.044 0.049 0.034 0.392 0.010 0.005 0.123
10.2 0.005
11 0.255 0.020 0.260 0.363 0.010 0.113 0.054 0.191 0.402 0.289 0.167 0.034 0.167
11.3 0.029
12 0.211 0.157 0.461 0.162 0.044 0.118 0.044 0.059 0.181 0.250 0.108 0.113 0.010 0.049
12.2 0.054 0.010
12.3 0.005 0.010
13 0.074 0.221 0.172 0.113 0.020 0.240 0.113 0.044 0.005 0.304 0.025 0.167 0.010 0.034
13.2 0.039 0.059
13.3 0.005
14 0.010 0.294 0.044 0.010 0.034 0.181 0.294 0.088 0.240 0.118 0.417 0.054 0.005 0.088
14.2 0.005 0.083 0.005
15 0.201 0.059 0.186 0.020 0.162 0.206 0.044 0.279 0.025 0.221 0.054 0.157
15.2 0.059 0.005
15.3 0.010
16 0.064 0.059 0.245 0.132 0.157 0.069 0.348 0.005 0.029 0.059 0.333
16.2 0.069
16.3 0.108
17 0.015 0.118 0.147 0.025 0.206 0.098 0.225 0.010 0.108 0.181
17.1 0.005
17.3 0.039
18 0.005 0.324 0.108 0.044 0.029 0.020 0.108 0.103
18.2 0.025
18.3 0.005
19 0.005 0.201 0.088 0.181 0.005 0.113 0.157 0.069
19.1 0.015
19.2 0.005 0.005 0.005
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20 0.147 0.029 0.059 0.059  0.083 0.029

0.093 0.078

22.2 0.010

23.2 0.010

24.2 0.005

252 0.029

26.2 0.059

27.2 0.069

28.2 0.034

29.2 0.005

30.2 0.025 0.015

Table 4.3. continued
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Table 4.4. Forensic parameters for 102 Igbo individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit.

Locus N Allele (n) Allele (v) Allele (e) Hobs Hexp Ho HWE RMP PIC PD PE TPI Fis
CSF1PO 102 204 10 4.506 0.814 0.784  0.216 0.945 0.089 0.748 0911 0.625 2.684 -0.046
D10S1248 102 204 11 4.876 0.794 0.799 0.201 0.089 0.085 0.765 0.915 0.588  2.429 0.001
D128391 102 204 10 5.096 0.833 0.814  0.186 0.698 0.069 0.787 0.931 0.662 3.000 -0.037
D13S317 102 204 10 3.182 0.647 0.691 0.309 0.230 0.152 0.640  0.848 0.351 1.417 0.056
D16S539 102 204 7 4.335 0.725 0.773 0.227 0.852 0.087 0.736 0913 0.469 1.821 0.057
D18S51 102 204 16 6.872 0.843 0.861 0.139 0.139 0.043 0.842 0.957 0.681 3.188 0.013
D19S433 102 204 11 4.706 0.873 0.865 0.135 0.993 0.036 0.847 0.963 0.740  3.923 -0.108
D1S1656 102 204 13 5.118 0.824 0.842 0.158 0.164 0.052 0.821 0.948 0.643 2.833 -0.024
D21S11 102 204 14 5.500 0.833 0.839 0.161 0.054 0.052 0.818 0.948 0.662 3.000 -0.019
D22S1045 102 204 9 6.208 0.843 0.843 0.157 0.611 0.053 0.819 0.947 0.681 3.188 -0.005
D2S1338 102 204 12 8.581 0.922 0.888 0.112 0.083 0.037 0.872 0964  0.840  6.375 -0.043
D2S441 102 204 8 3.489 0.716 0.744  0.256 0.404 0.110 0.704  0.890  0.453 1.759 -0.003
D3S1358 102 204 7 3.783 0.745 0.739 0.261 0.876 0.121 0.689 0.879 0.501 1.962 -0.013
D5S818 102 204 8 4.054 0.735 0.757 0.243 0.868 0.102 0.712 0.898 0.485 1.889 0.024
D7S820 102 204 6 4.141 0.706 0.762 0.238 0.276 0.094 0.726  0.906  0.437 1.700 0.069
D8S1179 102 204 8 3.774 0.745 0.739 0.261 0.675 0.110 0.698 0.890  0.501 1.962 -0.014
FGA 102 204 14 6.897 0.814 0.861 0.139 0.169 0.045 0.841 0.955 0.625 2.684 0.048
SE33 102 204 24 11.749 0.882 0.923 0.177 0.349 0.020 0.913 0980  0.760  4.250 0.036
THO1 102 204 6 3.026 0.686 0.681 0.319 0.700 0.158 0.634  0.842 0.407 1.594 -0.025
TPOX 102 204 8 5.297 0.775 0.815 0.185 0.609 0.066 0.785 0.934  0.553 2.217 0.045
vWA 102 204 9 5.161 0.843 0.810 0.19 0.292 0.070 0.783 0.930  0.681 3.188 -0.046

N - Number of unrelated individuals

Allele (n) - Number of alleles surveyed

Allele (v) - Number of different allelic variants
Allele (e) - Number of effective alleles

Ho - Observed heterozygosity

Hexp - Expected heterozygosity

Hom_exp - Expected homozygosity

HWE - Hardy-Weinberg Equilibrium probability
RMP - Random Match Probability

PIC - Polymorphism Information Content

PD - Power of Discrimination

PE - Power of Exclusion

TPI - Typical Paternity Index

Fis - Fixation Index - Individual within the Subpopulation
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Table 4.5. Allele frequencies among 101 Yoruba individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit

Allele  CSFIPO  D10S1248  DI2S391  DI3S317  DI6S539  DI8S51  D19S433  DISI656 D21SI1  D22S1045  D2SI338  D2S441  D3SI358  D5S818  D7S820  D8S1179  FGA  SE33 THOIL  TPOX  vWA

6 0.005 0149 0.074

7 0.059 0.010 0.505  0.040

8 0.104 0.005 0.020 0.010 0.099 0.178 0.193  0.243

9 0.045 0.010 0.292 0.005 0.010 0.188 0.109  0.267

9.3 0.045

10 0.257 0.035 0.025 0.109 0.020 0.005 0.059 0.059 0.109 0.322 0.020 0.134

10.2 0.005

103 0.010

11 0.168 0.045 0.257 0.292 0.010 0.064 0.074 0.144 0.391 0.193 0.238 0.059 0.218

113 0.050

12 0.257 0.218 0.475 0.129 0.045 0.144 0.045 0.054 0.163 0.025 0.317 0.064 0.144 0.025

122 0.045 0.005

123 0.005

13 0.069 0.243 0.144 0.153 0.020 0.282 0.158 0.025 0.238 0.005 0.198 0.035
132 0.010 0.059

14 0.025 0.203 0.069 0.005 0.025 0.153 0.248 0.149 0.272 0.129 0.030 0312 0.040 0.079
14.2 0.084 0.005

15 0.153 0.099 0.005 0.198 0.059 0.193 0.208 0.005 0.030 0.282 0.005 0.233 0.035 0.193
152 0.059 0.005

153 0.005

16 0.099 0.025 0.158 0.005 0.094 0.144 0.089 0.287 0.025 0.094 0.262
16.2 0.025

16.3 0.084

17 0.005 0.158 0.183 0.010 0.203 0.059 0.223 0010 0005 0.104 0.183
17.3 0.025

18 0.005 0.302 0.109 0.005 0.025 0.020 0.050 0015 0.109 0.119
18.1 0.005

182 0.010

183 0.040

19 0.178 0.158 0.005 0.005 0.198 0.035  0.149 0.079
19.1 0.010

19.2 0.015  0.005

193 0.010

20 0.139 0.045 0.094 0.045  0.149 0.040
20.1 0.005
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Allele CSF1PO D10S1248  D12S391 D18S51 D19S433 D1S1656  D21S11  D22S1045 D2S1338 D2S441 D3S1358 D5S818  D7S820 D8S1179 FGA SE33  THO1 TPOX VWA
20.2 0.010  0.005
21 0.035 0.030 0.124 0.084  0.084 0.005
21.2 0.005
22 0.020 0.010 0.168 0.213 0.020 0.005
22.2 0.010
223 0.005
23 0.030 0.104 0.168
23.2 0.010
24 0.058 0.203
24.2 0.010
25 0.005 0.074 0.059  0.005
26 0.010 0.010 0.069  0.005
26.2 0.050
27 0.109 0.005 0.035 0.005
27.2 0.025
28 0.267 0.020
28.2 0.020
29 0.223 0.010
29.2 0.030
30 0.064
30.2 0.030 0.015
31 0.059
31.2 0.069
32 0.010
32.2 0.079
33 0.005
33.2 0.020
34 0.015
35 0.030
36 0.010

Table 4.5. continued
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Table 4.6. Forensic parameters among 101 Yoruba individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit.

Locus N Allele (n)  Allele (v) Allele (e) Hobs Hexp H, HWE RMP PIC PD PE TPI Fis
CSF1PO 101 202 10 5.324 0.812 0.821 0.179 0.188 0.066 0.794 0934  0.621 2.658 0.001
D10S1248 101 202 8 5.433 0.842 0.820 0.18 0.885 0.065 0.790  0.935 0.678 3.156 -0.031
D128391 101 202 11 5.441 0.812 0.824  0.176 0.599 0.058 0.798 0.942 0.621 2.658 0.005
D13S317 101 202 9 3.141 0.653 0.685 0.315 0.567 0.152 0.636  0.848 0.360 1.443 0.041
D16S539 101 202 7 4.484 0.752 0.781 0.219 0.486 0.090 0.743 0910  0.514  2.020 0.032
D18S51 101 202 13 7.074 0.891 0.863 0.137 0.905 0.042 0.843 0.958 0.777  4.591 -0.038
D19S433 101 202 12 4.385 0.851 0.856 0.144 0.424 0.043 0.837 0.957 0.698 3.367 -0.103
D1S1656 101 202 15 5.943 0.842 0.855 0.145 0.128 0.047 0.834  0.953 0.678 3.156 -0.012
D21S11 101 202 15 5.945 0.931 0.850 0.15 0.008 0.067 0.830  0.933 0.858 7.214 -0.119
D22S1045 101 202 10 6.454 0.881 0.849 0.151 0.102 0.059 0.826  0.941 0.757  4.208 -0.043
D2S1338 101 202 13 8.093 0.901 0.883 0.117 0.411 0.037 0.866  0.963 0.797 5.050 -0.028
D2S441 101 202 8 3.297 0.703 0.742 0.258 0.922 0.102 0.700  0.898 0.433 1.683 -0.009
D3S1358 101 202 7 4322 0.733 0.772 0.228 0.655 0.094 0.731 0.906  0.481 1.870 0.047
D5S818 101 202 8 4.613 0.802 0.787 0.213 0.537 0.094 0.751 0.906  0.603 2.525 -0.024
D7S820 101 202 7 4.322 0.733 0.772 0.228 0.720 0.092 0.731 0.908 0.481 1.870 0.047
D8S1179 101 202 8 4.633 0.802 0.788 0.212 0.928 0.081 0.752 0.919 0.603 2.525 -0.023
FGA 101 202 17 7.136 0.871 0.868 0.132 0.607 0.041 0.850  0.959 0.737 3.885 -0.013
SE33 101 202 27 10.351 0.921 0914  0.086 0.313 0.024 0.902 0976  0.838 6.375 -0.019
THO1 101 202 5 2.960 0.683 0.675 0.325 0.877 0.150 0.631 0.850  0.403 1.578 -0.032
TPOX 101 202 7 4.919 0.792 0.801 0.199 0.543 0.080 0.767 0920  0.584  2.405 0.006
VWA 101 202 10 5.912 0.752 0.835 0.165 0.269 0.054 0.810 0946  0.514  2.020 0.094

N - Number of unrelated individuals

Allele (n) - Number of alleles surveyed

Allele (v) - Number of different allelic variants
Allele (e) - Number of effective alleles

Ho - Observed heterozygosity

Hexp - Expected heterozygosity

Hom_exp - Expected homozygosity

HWE - Hardy-Weinberg Equilibrium probability
RMP - Random Match Probability

PIC - Polymorphism Information Content

PD - Power of Discrimination

PE - Power of Exclusion

TPI - Typical Paternity Index

Fis - Fixation Index - Individual within the Subpopulation
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Table 4.7. Allele frequencies among 100 Hausa-Fulani individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit

Allele  CSF1PO D10S1248  D12S391  D13S317 D16S539 D18S51 D19S433 D1S1656 D21S11  D22S1045  D2S1338 D2S441 D3S1358 D5S818 D7S820 D8S1179 FGA SE33 THO1  TPOX VWA

6 0.005 0.105 0.05

7 0.04 0.48 0.03

8 0.075 0.015 0.025 0.065 0.18 0.19 0.365

9 0.065 0.005 0.005 0.255 0.005 0.02 0.12 0.18 0.255

9.3 0.045

10 0.315 0.01 0.025 0.125 0.01 0.03 0.04 0.09 0.075 0.335 0.015 0.125

10.2 0.005 0.005 0.005

11 0.185 0.055 0.31 0.255  0.005 0.09 0.075 0.14 0.415 0.215 0.195 0.015 0.145

11.3 0.05

12 0.24 0.175 0.42 0.17 0.065 0.13 0.03 0.045 0.15 0.005 0.35 0.14 0.1 0.005 0.025

12.2 0.045 0.01

13 0.065 0.21 0.16 0.16 0.02 0.255 0.16 0.05 0.005 0.255 0.02 0.22 0.005 0.01
13.2 0.005 0.08

13.3 0.005 0.005

14 0.265 0.065 0.01 0.06 0.195 0.22 0.05 0.205 0.085 0.01 0.01 0.37 0.045 0.045
14.2 0.07 0.005

14.3 0.005 0.005

15 0.005 0.175 0.065 0.18 0.045 0.175 0.225 0.035 0.26 0.01 0.23 0.015 0.215
15.2 0.04 0.01

15.3 0.01

16 0.095 0.07 0.195 0.015 0.11 0.205 0.055 0.32 0.04 0.085 0.275
16.1 0.005

16.2 0.02

16.3 0.12

17 0.01 0.13 0.18 0.01 0.255 0.115 0.24 0.01 0.085 0.195
17.2 0.005

17.3 0.01 0.035

18 0.325 0.105 0.005 0.035 0.045 0.08 0.02 0.09 0.15
18.2 0.03

18.3 0.005 0.005

19 0.175 0.095 0.005 0.005 0.19 0.05 0.115 0.075
19.2 0.01

19.3 0.005

20 0.115 0.045 0.035 0.015 0.1 0.03
21 0.06 0.02 0.17 0.16 0.09 0.005
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Allele  CSF1PO D10S1248  D12S391  D13S317 D16S539 D18S51 D19S433 D1S1656 D21S11  D22S1045  D2S1338 D2S441 D3S1358 D5S818 D7S820  D8S1179 FGA SE33 THO1  TPOX VWA
22 0.01 0.015 0.19 0.205 0.035
22.2 0.005
23 0.025 0.005 0.055 0.17

23.2 0.005
24 0.01 0.055 0.135

24.2 0.015
25 0.07 0.09 0.005
25.2 0.045
26 0.005 0.01 0.045

26.2 0.06
27 0.06 0.01 0.03

27.2 0.05
28 0.305 0.03 0.01
28.2 0.06
29 0.155

29.2 0.015
30 0.15

30.2 0.04 0.02
31 0.08

31.2 0.035 0.005 0.005
32 0.025

322 0.04

33 0.01

33.2 0.05 0.005
34 0.015

34.2 0.005

35 0.02

36 0.005

Table 4.7. continued
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Table 4.8. Forensic parameters among 100 Hausa-Fulani individuals typed at 21 autosomal STR loci using the GlobalFiler™ Express PCR Amplification Kit.

Locus N Allele (n)  Allele (v) Allele (e) Hobs Hexp H, HWE RMP PIC PD PE TPI Fis
CSF1PO 100 200 10 4.763 0.780 0.797 0.203 0.581 0.075 0.765 0.925 0.562  2.273 0.013
D10S1248 100 200 9 5.323 0.850 0.816 0.184 0.884 0.069 0.786  0.931 0.695 3.333 -0.047
D128391 100 200 12 5.379 0.860 0.824  0.176 0.869 0.058 0.800  0.942 0.715 3.571 -0.056
D13S317 100 200 7 3.298 0.730 0.700 0.3 0.995 0.154 0.647 0.846  0.476 1.852 -0.048
D16S539 100 200 7 5.009 0.810 0.806 0.194 0.929 0.073 0.772 0.927 0.618  2.632 -0.012
D18S51 100 200 15 7.460 0.920 0.871 0.129 0.728 0.042 0.852 0.958 0.836  6.250 -0.062
D19S433 100 200 13 4.353 0.820 0.859 0.141 0.177 0.045 0.839 0.955 0.637  2.778 -0.065
D1S1656 100 200 16 5.780 0.910 0.864  0.136 0.303 0.047 0.845 0.953 0.816  5.556 -0.100
D21S11 100 200 17 5.598 0.780 0.847 0.153 0.009 0.051 0.828 0.949 0.562  2.273 0.050
D22S1045 100 200 9 5.416 0.790 0.819 0.181 0.538 0.063 0.790  0.937 0.581 2.381 0.031
D2S1338 100 200 12 7.590 0.790 0.873 0.127 0.034 0.044 0.856  0.956  0.581 2.381 0.090
D2S441 100 200 8 3412 0.790 0.753 0.247 0.935 0.098 0.718 0.902 0.581 2.381 -0.118
D3S1358 100 200 8 4.144 0.800 0.763 0.237 0.560 0.115 0.719 0.885 0.599  2.500 -0.054
D5S818 100 200 8 4.095 0.660 0.760 0.24 0.063 0.102 0.718 0.898 0.369 1.471 0.127
D7S820 100 200 7 4.605 0.780 0.787 0.213 0.030 0.089 0.751 0911 0.562  2.273 0.004
D8S1179 100 200 8 3.994 0.780 0.753 0.247 0.983 0.104 0.711 0.896  0.562 2273 -0.040
FGA 100 200 15 7.516 0.880 0.874  0.126 0.661 0.037 0.855 0.963 0.755 4.167 -0.015
SE33 100 200 28 13.450 0.960 0.934  0.066 0.955 0.017 0.925 0.983 0919  12.500  -0.037
THO1 100 200 5 3.047 0.730 0.692 0.308 0.995 0.140 0.646  0.860  0.476 1.852 -0.087
TPOX 100 200 8 4.185 0.760 0.765 0.235 0.183 0.102 0.727 0.898 0.527  2.083 0.001
VWA 100 200 9 5.234 0.840 0.813 0.187 0.352 0.080 0.782 0.920  0.675 3.125 -0.038

N - Number of unrelated individuals

Allele (n) - Number of alleles surveyed

Allele (v) - Number of different allelic variants
Allele (e) - Number of effective alleles

Ho - Observed heterozygosity

Hexp - Expected heterozygosity

Hom_exp - Expected homozygosity

HWE - Hardy-Weinberg Equilibrium probability
RMP - Random Match Probability

PIC - Polymorphism Information Content

PD - Power of Discrimination

PE - Power of Exclusion

TPI - Typical Paternity Index

Fis - Fixation Index - Individual within the Subpopulation
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Table 4.9. Summary of private alleles by subpopulation using the GlobalFiler™ Express

PCR Amplification Kit
Sub-population/ Ethnic group Locus Allele Frequency
D3S1358 19 0.005
TPOX 14 0.005
D18S51 9 0.005
D195433 9 0.005
Igbo (N =102) THO1 10 0.005
D5S818 16 0.005
D13S317 5 0.005
SE33 13 0.010
D10S1248 8 0.010
D10S1248 18 0.005
D10S1248 19 0.005
vWA 22 0.005
CSF1PO 18 0.005
FGA 17 0.005
Yoruba (N = 101) D13S317 15 0.005
D7S820 6 0.005
D12S391 25 0.005
D2S1338 15 0.005
CSF1PO 15 0.005
TPOX 13 0.005
D18S51 23 0.005
D19S433 17.2 0.005
FGA 16.1 0.005
Hausa (N = 100) FGA 31.2 0.005
D7S820 14 0.010
SE33 31.2 0.005
SE33 33.2 0.005
D10S1248 9 0.005
D12S391 24 0.010

Across the 21 autosomal loci, the entire Nigerian dataset recorded 72 different alleles, with sizes
ranging from 5 to 36. Microvariant alleles were found at THO1, CSF1PO, D18S51, SE33, D2S441,
D19S433, D13S317, D1S1656, D3S1358, FGA, D12S391, and D21S11 among the three ethnic
groups in different proportions. The allele frequencies among 303 unrelated individuals in the
Nigerian population ranged from 0.002 to 0.492, with allele 7 at the THO1 locus being detected at
the highest frequency, followed by allele 12 in the D13S317 locus at 0.452 (Table 4.1). Among
the loci surveyed in the overall Nigerian population, the SE33 locus was the most polymorphic
(PIC = 91.7%), the most discriminative (PD = 98.5%), followed by the D2S1338 (PIC = 86.8, PD
=96.9%). The SE33 locus also demonstrated the highest Power of Elimination (PE) at 83.8% and
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had the most allelic variants, totalling 34. In comparison, D18S51 (PE = 76.4%) and FGA (v =19
alleles) had the second-highest power of elimination and allelic variants, respectively. Locus SE33
is the most informative marker among the 21 loci analysed (Table 4.2). In contrast, THO1 exhibited
the lowest polymorphic information content (PIC = 64.0%), followed closely by D13S317 (PIC =
64.2%). D13S317 also recorded the lowest Power of Discrimination (PD = 85.0%) and Power of
Elimination (PE = 39.3%), while THO1 closed behind with PD = 85.5% and PE = 42.8%. THO1
had the smallest number of allelic variants (v = 6), followed by D13S317 (v = 7). The Typical
Paternity Index (PI) varied from 1.546 (D13S317) to 6.313 (SE33) across 21 loci (Table 4.2). The
Combined Power of Elimination (CPE) and Discrimination (CPD) for these loci exceeded
99.9999%. The Combined Match Probability (CMP) for all 21 loci was calculated at 2.77 x 1072°,
indicating a high evidential strength. The likelihood of encountering two individuals with the same
profile within the same population was estimated at 1 in 3.61 x 10*. The comprehensive data from
these forensic parameters underscores the effectiveness of the GlobalFiler™ Express PCR

Amplification Kit in analysing the Nigerian population.

The analysis of 21 autosomal loci in the Igbo dataset identified 64 distinct alleles, ranging in size
from 5 to 36. The allele frequencies among 102 individuals ranged from 0.005 to 0.495. The highest
frequency was for Allele 7 at the THO1 locus (0.495), followed by Allele 12 at the D13S317 locus
(0.461) (Table 4.3). Locus SE33 was the most polymorphic (PIC =91.3%) and discriminative (PD
= 98.0%), with the highest number of allelic variants (v = 24). D2S1338 followed with a PIC of
87.2%, PD of 96.4%, and the highest power of elimination (PE) at 84.0%, while SE33 had a PE of
76.0% (Table 4.4). Conversely, THO1 was the least polymorphic and discriminative (PIC = 63.1%,
PD = 84.2%), followed by the D13S317 (PIC = 64.0%; PD = 84.8%). Both loci had the lowest
Power of Elimination (PE = 40.7%). Additionally, THO1 and D7S820 exhibited the smallest
number of allelic variants (v =6). The Typical Paternity Index (TPI) ranged from 1.417 (D13S317)
to 6.375 (D2S1338) (Table 4.4). The Combined Power of Exclusion (CPE) and Discrimination
(CPD) for all loci exceeded 99.9999%, and the Combined Match Probability (CMP) was 5.23 x 10"
23 indicating an extremely low chance of two individuals sharing the same profile (L.R =1in 1 in

1.91 x 10%%).

Considering the Yoruba subpopulation distinctly, the dataset showed 65 distinct alleles, ranging
from 6 to 36. The allele frequencies among 101 unrelated individuals ranged from 0.005 to 0.505,
with Allele 7 at the THO1 locus (0.505) being the most frequent, followed closely by Allele 12 at
the D13S317 locus (0.475) (Table 4.5). Locus SE33 was the most polymorphic (PIC =90.2%) and
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discriminative (PD = 97.6%), followed by D2S1338 (PIC = 86.6%, PD = 96.3%). D2S11 had the
highest Power of Elimination (PE = 85.8%)), followed by SE33 (PE = 76.0%). Notably, SE33 also
had the highest number of allelic variants (v = 27), followed by FGA (v = 17) (Table 4.6).
Conversely, the THOI locus had the lowest Polymorphic Information Content (PIC = 63.1%),
followed closely by D13S317 (PIC = 63.6%). Additionally, D13S317 had the lowest Power of
Discrimination (PD = 84.8%), with THO1 close behind (PD = 85.0%). The D13S317 locus had the
lowest Power of Elimination (PE = 36.6%), followed by THO1 (PE = 40.3%), which also had the
fewest number of allelic variants (v = 5). The Typical Paternity Index ranged from 1.443
(D13S3171) to 7.214 (D21S11) (Table 4.6). The Combined Power of Exclusion (CPE) and
Discrimination (CPD) exceeded 99.9999%, and the Combined Match Probability (CMP) was 1.81
x 10", indicating a very low chance of matching profiles in the population (L.R = 1 in 5.52 x 10?%).

The Hausa-Fulani dataset identified 63 distinct alleles, with sizes ranging from 6 to 36. Among 100
unrelated individuals, allele frequencies ranged from 0.005 to 0.480, with allele 7 at the THO1 locus
being the most frequent (0.480), followed by Allele 12 at the D13S317 locus (0.420) (Table 4.7).
Locus SE33 was the most polymorphic (PIC = 92.5%) and discriminative (PD = 98.3%), followed
by D2S1338 (PIC = 85.6%) and FGA (PD = 96.3%). SE33 exhibited the highest Power of
Elimination (PE = 91.9%) and had the largest number of allelic variants (v = 28), while D18S51
(PE = 83.6%) and D21S11 (v = 17) had the second highest values, respectively (Table 4.8). In
contrast, THO1 was the least polymorphic (PIC = 64.6%) and discriminative (PD = 86.0%), closely
followed by D13S317 (PIC = 64.0%, PD = 84.8%). Both had the lowest Power of Elimination (PE
=47.6%), with THO1 having the least number of allelic variants (v =5). The Typical Paternity Index
varied from 1.852 (THO1 and D13S317) to 12.5 (SE33) across the 21 loci (Table 4.8). The
Combined Power of Exclusion (CPE) and Discrimination (CPD) for these loci exceeded 99.9999%,
with a Combined Match Probability (CMP) of 3.24 x 10"%, indicating a very low chance of two
individuals sharing the same profile in this population (L.R = 1 in 3.09 x 10*%).

Table 4.9 presents the private alleles (PAs) exclusively identified within specific subpopulations.
A total of 20 PAs were documented from a sample of 303 unrelated individuals. Both the Igbo and
Hausa subpopulations identified 11 PAs each. In contrast, the Yoruba subpopulation recorded only
7 PAs, the lowest number among the subpopulations studied. It is crucial to recognize that the

sample size can greatly influence the distribution of alleles among these Nigerian subpopulations.
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4.4.4 INTER-SUBPOPULATION RELATIONSHIP

The study found no significant deviations from Hardy—Weinberg equilibrium in the overall
Nigerian population (see Table 4.2 and Appendix 48), as determined by Exact tests based on
Monte Carlo simulations, with all loci exhibiting p-values greater than 0.05 (p > 0.05) before
Bonferroni correction. Furthermore, no loci remained significant after correcting for multiple
testing. In the Igbo subpopulation, all loci conformed to the Hardy—Weinberg equilibrium both
before and after Bonferroni correction (Table 4.4; Appendix 49). The Yoruba subpopulation
showed a nominal deviation at locus D21S11 before correction (Table 4.6), but this was not
significant after correction, with all other loci in equilibrium (Appendix 50). In the Hausa
subpopulation, loci D21S11, D2S1338, and D7S820 initially deviated from Hardy-Weinberg
equilibrium (Table 4.8), but none maintained significance after correction (Appendix 51). These
findings indicate that the GlobalFiler™ Express PCR Amplification Kit is highly effective for DNA
profiling in forensic investigations, both within these subpopulations and in the broader Nigerian

population.

F-statistics Genetic Distance

Wright's F-statistics were calculated and averaged across all loci to estimate the genetic
differentiation and inter-subpopulation relationships among the Igbo, Yoruba, and Hausa-Fulani
subpopulations. The Fsr values for the Nigerian populations (see Table 4.2) ranged from 0.002 to
0.007 across loci, indicating very little genetic differentiation among the Igbos, Yorubas, and
Hausa-Fulanis. Locus D5S818 exhibited the highest Fisr value at 0.007, while loci D12S391,
D13S317, D19S433, D2S1338, and D2S441 had the lowest Fsr values at 0.002.

Table 4.10.  Fs7 value comparison between the Igbo, Yoruba, and Hausa-Fulani
subpopulation using the GlobalFiler™ Express PCR Amplification Kit
Sub-Population Igbo Yoruba Hausa-Fulani
Igbo 0.000
Yoruba 0.003 0.000
Hausa-Fulani 0.003 0.003 0.000

Table 4.10 compares the pairwise population Fsr values among the Igbo, Yoruba, and Hausa-
Fulani subpopulations. The Fsr values were very low (0.003), indicating minimal genetic

differentiation and high genetic similarity among the three ethnic groups based on data generated
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using the GlobalFiler™ Express PCR Amplification Kit. The results suggest that these

subpopulations are largely genetically homogeneous.

The Fis values (Table 4.2), also known as the inbreeding coefficient, showed negative values (-
0.092 to -0.040) at most loci, indicating an excess of heterozygotes. This suggests no significant
impact of inbreeding was detected within the subpopulations. Locus D7S820 exhibited the highest
Fis value (0.025), while D19S433 had the lowest (-0.092). Most loci showed negative Fis values,
with exceptions including D16S539 (0.025), vWA (0.004), D2S1338 (0.006), and FGA (0.007).
The Fis values varied across subpopulations: -0.108 to 0.069 in the Igbo (Table 4.4), -0.119 to
0.094 in the Yoruba (Table 4.6), and -0.118 to 0.090 in the Hausa-Fulani (Table 4.8). Each group

displayed only a few positive values, showing overall similar results.

The Fir value was statistically similar to the Fis value as both measure inbreeding but at different
hierarchical levels—Fr reflects inbreeding of individuals relative to the total population. The Fir
values for the Nigerian population (Table 4.2) were generally low, ranging from -0.090 to 0.048
across all loci in the total population. These values indicate no significant inbreeding within or

between the populations, indicating that the overall population is genetically diverse.

Population Structure

To further access the inter-subpopulation relationships among the Igbo, Yoruba, and Hausa-Fulani
subpopulations using the 21 autosomal STR loci generated by the GlobalFiler™ Express PCR
Amplification Kit, STRUCTURE was employed. The Mean LnP(K)) + SD analysis (see Appendix
54) demonstrated inconsistency in estimating the average log probability, as evidenced by the
standard deviation (SD) illustrated in Figure 4.5. The standard deviation increased significantly

from K=3 to K=10, and the log-likelihood values did not rise with XK.
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Figure 4.5. The mean log-likelihood (=SD) of the data for a given number of population
(K) computed across five repeat runs and iterations of the STRUCTURE program.

The mean LnP(K) compared the likelihood of different K values generated by STRUCTURE with
the higher value, suggesting a better fit for K. The insight on the robustness of the model for a given
K was provided by the Mean LnP(K)+SD to help assess the stability of the estimate of the

population structure.

In accordance with the method established by Evano et al. (2005), the optimal K value was
determined to be 3 (see Figure 4.6 and Appendix 54). This suggests three genetically distinct sub-
populations, with the highest Delta K recorded for this value. The rate of change in Delta K assists
in selecting the appropriate population size (K) by comparing the likelihood between different K
values. A higher Delta K value indicates the optimal number of populations in the dataset. Although
K=1 was expected, the Evanno method (Delta K) does not assess K=1 because Delta K is undefined
at that level, as it relies on the second order of change, which is also undefined at K=1.
STRUCTURE primarily identifies the most pronounced levels of population structure without using

prior information about individual origins (Pritchard et al., 2000).
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Delta K

Figure 4.6. The change in the log-likelihood rate (Delta K) for each value of K computed
across five repeated runs and iterations of the STRUCTURE program.

The analysis of inferred populations across K values ranging from 1 to 10 indicated a lack of
population structuring among the Igbo, Yoruba, and Hausa-Fulani subpopulations. While K = 3
emerged as the optimal value, aligning with the total number of subpopulations examined in this
study, Figure 4.7 illustrates that there was no genetic differentiation in the ancestry proportions of

individuals within each group for K values spanning from 1 to 10.

K=1

3
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IGBO YORUBA HAUSA-FULANI

Figure 4.7.  Population stratification of the Nigerian population, specifically focusing on
the Igbo, Yoruba, and Hausa-Fulani subpopulations. This analysis was conducted through
five repeated runs and iterations utilizing the STRUCTURE program. The inferred
populations, ranging from K=3 to k=10, are represented by a corresponding colour bar. Each
vertical line denotes an individual (totalling 303) assessed based on data obtained from 21
autosomal loci, using the GlobalFiler™ Express PCR Amplification Kit. The proportion of
colour in each bar indicates the individual's genetic ancestry related to each defined
population.
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Principal Component Analysis
To further investigate the relationships among subpopulations in Nigeria, Principal Component
Analysis (PCA) was utilised to assess population differentiation across the Hausa-Fulani, Yoruba,

and Igbo subpopulations.
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Figure 4.8. Result of the Principal Component Analysis (PCA) performed on the
subpopulations of Igbo, Yoruba, and Hausa-Fulani. This analysis was conducted using 21
autosomal short tandem repeat (STR) loci from the GlobalFiler™ Express PCR
Amplification Kit. In the PCA plot, each point represents one of the 303 samples obtained
from unrelated individuals within the Nigerian population.

PCA helps uncover hidden relationships among these ethnic groups by analysing genetic data
without requiring prior knowledge of their ancestral backgrounds. It simplifies genetic datasets
while preserving significant variations. This approach helps find patterns in the Nigerian population
genetic structure without bias. Similar samples are expected to cluster together, while dissimilar
samples are visualised to cluster separately when visualised on a PCA plot. Investigating genetic
segregation patterns among the Igbo, Yoruba, and Hausa-Fulani ethnic groups involved analysing
the full dataset from 303 unrelated individuals. This analysis utilised loci information from the 21
autosomal STR to visualise genetic differentiation. As shown in Figure 4.8, the results revealed no
differentiation among the 303 unrelated individuals from the three ethnic groups based on the

examined samples, as no data clustering was observed from different subpopulations.
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Neighbour-Joining (NJ)

The phylogenetic distance among the three sub-populations was evaluated using the Neighbour-
Joining (NJ) method to assess their inter-subpopulation relationships. The phylogenetic tree was
constructed utilizing data derived from the pairwise Nei’s Genetic Distance population matrix
(Appendix 52), which was calculated based on 21 autosomal short tandem repeat (STR) loci. The
results in Figure 4.9 showed a similar pattern of population differentiation to the pairwise Fisr
values among the Igbo, Yoruba, and Hausa-Fulani ethnic groups. As anticipated, the NJ analysis
revealed very low levels of inter-subpopulation variation, indicating a high degree of genetic

similarity among the three populations.
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\&002
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Figure 4.9. Neighbour-joining (NJ) tree based on pairwise Nei’s genetic distance, illustrating
the clustering of the Igbo, Yoruba, and Hausa—Fulani subpopulations, with Egypt included
as an outgroup. This analysis employed 21 autosomal short tandem repeats (STR) loci
obtained from the GlobalFiler™ Express PCR Amplification Kit.

The genetic analysis suggests that the Igbos exhibit a marginally closer genetic relationship to the
Yorubas than the Hausa-Fulanis. This phenomenon may be attributed to the geographical proximity
of the Igbos, which are situated in the southeastern region, to the Yorubas, which are located in the
southwestern region. In contrast, the Hausa-Fulanis demonstrate a slightly closer genetic affinity

to the Yorubas than the Igbos.

4.5  DISCUSSION
This study evaluated the population genetics of 303 unrelated Nigerians from the Igbo, Yoruba,
and Hausa-Fulani ethnic groups using 21 autosomal STR markers from the GlobalFiler™ Express

Kit. All samples yielded full STR profiles, which were utilised to calculate allele frequency data
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and forensic genetic parameters and assess inter-subpopulation relationships using STRUCTURE,
PCA, and NJ methods. Additionally, the results obtained from the GlobalFiler™ Express Kit were
compared with those generated using the Qiagen™ Investigator ESSplex SE QS Kit to determine
the more suitable STR system for creating a national forensic DNA database in Nigeria.

Considerations in this comparison included the presence or absence of off-ladder alleles.

Different STR kits have various alleles in their ladders based on their design, target users, and
validation methods (Kutranov, 2011). The GlobalFiler™ Express Kit includes a wider range of
alleles, making it suitable for many areas worldwide. This broader selection lowers the chance of
getting off-ladder results (Martin ef al., 2014). In contrast, the QTAGEN™ Investigator ESSplex
SE QS Kit is made explicitly for Southern and Central Europe. Its allele selection is based on the
European Standard Set (ESS), which is used in forensic databases and casework in European
countries (Barbaro et al., 2024). This makes the 24 STR-locus GlobalFiler™ Kit a suitable choice
for investigating population genetics in Nigeria. Many countries worldwide, including Scotland
adopted the 24 STR-locus system using the GlobalFiler™ kit produced by Thermo Fisher as the
standard for DNA profiling as it one of the most informative and discriminatory kits available.

(Johnson and William, 2004; Hopwood et al., 2012).

It is crucial to recognise that DNA sequencing is the most precise method for identifying off-ladder
(OL) alleles, as size-based electrophoretic methods fall short in confirming their repeat structure
(Fujii ef al., 2016). However, this study did not use sequencing since the GlobalFiler™ Express
Kit generated complete genotypes for all samples, including those initially classified as OL by the
QIAGEN™ Investigator ESSplex SE QS Kit. The genotypes from the GlobalFiler™ Express Kit
were compared to those from the QIAGEN™ Investigator ESSplex SE QS Kit, revealing
consistency in all matching alleles except the OL ones. The OL loci identified by the QITAGEN™
Investigator ESSplex SE QS Kit were genotyped using allele calls from the GlobalFiler™ Express

Kit, which offers a more comprehensive allelic ladder that covers additional bins.

The analysis of forensic parameters and allele frequencies indicated that majority of the genetic
markers in the GlobalFiler™ Express Kit are highly polymorphic across the Igbo, Yoruba, and
Hausa-Fulani subpopulations. Notably, locus SE33 was the most significant and consistently
discriminative marker due to its many allelic variants. Other important loci included D2S1338,
D21S11, D2S441, FGA, and D18S51. In contrast, THOI and D13S317 showed the lowest

variability, with fewer allelic variants. The combined power of elimination (CPE) and the combined
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power of discrimination (CPD) for the overall population and the sub-populations of the Igbos,

Yorubas, and Hausa-Fulanis were found to be significantly higher than 99.9%.

Furthermore, the allele frequencies from the GlobalFiler™ Express Kit were consistent with those
of the QTAGEN™ Investigator ESSplex SE QS Kit. STR kits demonstrated high discriminative
power. In addition, Exact tests of Hardy—Weinberg equilibrium (HWE) were conducted for all
autosomal STR loci using Monte Carlo simulations, suitable for highly polymorphic markers and
moderate sample sizes (Guo and Thompson, 1992; Butler, 2015). Statistical significance was
assessed before and after Bonferroni correction for multiple testing. In the Nigerian population, no
loci showed significant deviations from the Hardy-Weinberg equilibrium at the 0.05 level before
or after correction, indicating overall equilibrium. The Igbo subpopulation adhered to the Hardy-
Weinberg equilibrium, whereas the Yoruba showed a nominal deviation at locus D21S11, which
was not significant after correction. The Hausa-Fulani subpopulation showed nominal deviations
at D21S11, D19S433, and D2S1338, but none were significant. These deviations could be
attributed to sampling effects rather than actual biological disequilibrium. Overall, pooling
individuals from the Igbo, Yoruba, and Hausa subpopulations did not introduce detectable
population structure effects. This finding aligns with the results from Agbo et al. (2017), Okolie et
al. (2017), and Hohoff et al. (2009), which also demonstrated conformity with Hardy-Weinberg

Equilibrium expectations in the Nigerian population regarding multi-allelic loci.

From a technical standpoint, the GlobalFiler™ Express PCR Amplification Kit is optimized for
direct PCR amplification from buccal and blood samples collected on a paper substrate without
requiring a punch buffer. A punch buffer is used to prepare discs from dried biological samples on
FTA® paper for PCR in direct amplification workflows. It breaks down cells and neutralises PCR
inhibitors, increasing time and reagent costs. The GlobalFiler™ Express PCR Amplification Kit
also features a robust PCR protocol that produces results in under an hour, compared to the
QIAGEN™ Investigator ESSplex SE QS Kit, which requires slightly more than one hour. While
the QIAGEN kit achieves excellent outputs with direct PCR, it necessitates an additional punch

buffer for sample preparation, potentially incurring extra financial costs.

The assessment of inter-subpopulation relationships among the three major ethnic groups in
Nigeria—Hausa-Fulani, Igbo, and Yoruba—using the GlobalFiler™ Express Kit yielded results
similar to those obtained with the QIAGEN™ Investigator ESSplex SE QS Kit. This research,

which focused on F-statistics, genetic structure, Principal Component Analysis, and Neighbour-
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Joining analysis, found no inter-subpopulation differentiation or structures among these ethnic
groups. The outcome of the parameters also suggests that the Igbo, Yoruba, and Hausa-Fulani may
share historical and genetic connections. The study demonstrates that, irrespective the different
languages spoken and divergent cultures exhibited by these ethnic groups, the differences show no
strong correlation with their genetic differences. This is likely due to overlapping geographical
boundaries facilitating intermixing through trade, marriage, and migration (Okolie et al., 2017;

Gomes et al., 2019).

4.6 CONCLUSION

The research reported in this chapter highlighted the extensive information provided by 21
polymorphic autosomal STR markers using the GlobalFiler™ Express Kit, which effectively
analysed the Nigerian population and distinguished between individuals from the Igbos, Yorubas,
and Hausa-Fulanis. However, this analysis did not extend to the sub-population level, as the
Nigerian subpopulations are not isolated enough to become genetically differentiated to an extent
that this can be detected using the STR kits employed in this study The investigation of Nigeria's
three main ethnic groups—Hausa-Fulani, Igbo and Yoruba—with the GlobalFiler™ Express Kit
yielded results similar to those of the QTAGEN™ Investigator ESSplex SE QS Kit. Through F-
statistics, Principal Component Analysis, and Neighbour-Joining analysis, the study found no

differentiation or genetic structures among these groups.

The 24-locus GlobalFiler™ Express Kit demonstrated a clear advantage for establishing a database
in Nigeria compared to the 17-locus QIAGEN™ Investigator ESSplex SE QS Kit. The 21
autosomal loci offered more markers for analysis, resulting in higher discriminatory power, better
likelihood ratios, and lower random match probabilities than the 16 loci available in the
QIAGEN™ Investigator ESSplex SE QS Kit. No off-ladder issues were identified when using the
GlobalFiler™ Express Kit. This kit had more alleles in the allelic ladder, allowing for better
identification of all alleles across the sampled Nigerian population. Thus, the GlobalFiler™
Express Kit effectively identified off-ladder alleles that could not be identified in the QITAGEN™
Investigator ESSplex SE QS Kit.

A comparative analysis of genotyping results from the GlobalFiler™ Express Kit and the
QIAGEN™ Investigator ESSplex SE QS Kit showed high concordance across shared autosomal
STR loci. Electropherogram review confirmed no significant artefacts, such as allelic dropout or

off-ladder alleles, in profiles from the GlobalFiler™ Express Kit. Although off-ladder alleles were
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observed in profiles generated using the QIAGEN™ Investigator ESSplex SE QS Kit, these
differences were due to the limitations of the allelic ladder, not because of mistakes in the
genotyping process. The affected alleles were successfully resolved by comparing them with
corresponding GlobalFiler™ Express Kit profiles, which incorporate a more extensive allelic
ladder that accommodates additional microvariant alleles. While DNA sequencing remains the
definitive method for characterising off-ladder alleles, the use of GlobalFiler™ Express Kit data
provided reliable genotype resolution in this study. These findings show that STR typing systems
are reliable for forensic DNA analysis. They also emphasise the importance of having complete
allelic ladders. This helps reduce mistakes when classifying unusual alleles in routine forensic

testing.

One significant advantage of the GlobalFiler™ Express PCR Amplification Kit is its lower overall
cost than the QIAGEN™ Investigator ESSplex SE QS Kit. For a country like Nigeria, which has
not yet established a national forensic DNA database, the cost of setting up such a database is an
essential factor to consider. The GlobalFiler™ Express Kit costs approximately £7,290 for 400
reactions, while the QTAGEN™ Investigator ESSplex SE QS Kit costs around £9,230 for the same
number of reactions. If budget concerns are essential, a more affordable and effective option is the
GlobalFiler™ Express PCR Amplification Kit. The study shows this kit is a good choice for

creating a national DNA database in Nigeria.

The GlobalFiler™ Express Kit has shown promising results with samples from Nigeria's three
prominent ethnic groups: Hausa-Fulani, Igbo, and Yoruba. This kit includes a broader range of
alleles, making it suitable for various regions worldwide. As a result, the GlobalFiler™ Kit is a
good choice for investigating population genetics in Nigeria. However, since Nigeria is a country
of over 300 ethnic groups and 500 spoken languages, testing the kit's performance with other sub-

populations is essential.
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CHAPTER FIVE

ANALYSIS OF Y-STRS IN THE NIGERIAN POPULATION USING THE
POWERPLEX® Y23 SYSTEM KIT

5.1 INRODUCTION

Y-Short Tandem Repeats (Y-STRs) are repetitive sequences found on the Y chromosome. These
Y-STR markers are passed down solely through the male line, making them essential for forensic,
anthropological, and genealogical research (Butler 2015). Y-STRs are specifically used to identify
male lineages. Y chromosomes are present only in males, and these markers remain stable within
patrilineal lineages, with exceptions for mutations. This stability is due to the fact that the Y-
chromosome does not go through recombination across generations, except to a limited extent in
the pseudoautosomal regions. After all, it is inherited in a haploid manner (Roewer, 2013). Due to
the absence of recombination in Y-STR loci, they have proven valuable in tracking paternal
ancestry over many generations, as a result of the stability of the lineage. Y-STR markers are passed
down only from father to son, making them ideal for studying male-line ancestry, unlike autosomal

STRs which are inherited from both parents (Jobling and Tyler-Smith, 2003; Kayser, 2017).

The Promega PowerPlex® Y23 System Kit (Promega Corporation, Madison, Wisconsin, United
States) is a Y-STR multiplex PCR kit designed to amplify 23 Y-STRs from human genomic DNA.
This kit enables the amplification and separation of 23 markers simultaneously, using four-colour
fluorescent detection (including Fluorescein, JOE, TMR-ET, and CXR-ET) in a single reaction
(Thompson et al., 2013). It is suitable for automatically analysing DNA fragments. The
PowerPlex® Y23 System includes the core loci of the European Minimal Haplotype (EMH)—
DYS393, DYS392, DYS391, DYS390, DYS389I, DYS389I, DYS385a/b, and DYSI9
(Thompson et al., 2013), the two additional loci recommended by the Scientific Working Group -
DNA Analysis Methods (SWGDAM) (DY S439 and DYS438) (Pascali et al., 1998; Lee, 2004),
the system contains loci used in the U.S. core Y-STR set (Y-GATA-H4, DYS635, DYS458,
DYS456, DYS448, and DYS437) as well as six additional loci (DYS481, DYS533, DYS549,
DYS570,DYS576, DYS643). Furthermore, six highly discriminating Y-STR loci that are included
in the Promega PowerPlex® Y23 System Kit (DYS643, DYS576, DYS570, DYS549, DYS533,
and DYS481) have been mapped, and the rates of mutation, studied with DYS570 and DYS576
discovered to be rapidly mutating with rates >1% (Kayser et al., 2004; D’Amato et al., 2010;
Geppert et al., 2009). The Promega PowerPlex® Y23 System Kit is optimized for direct DNA
amplification and standard PCR amplification from blood and buccal samples collected on FTA

cards. Additionally, it incorporates an internal lane standard to ensure accuracy and reliability in
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results. The following loci are detected in the blue dye channel, labelled with Fluorescein: DYS576,
DYS448, DYS389II, DYS389I, and DYS19. The green dye channel includes the JOE-labelled STR
amplification products for DYS549, DYS533, DYS481, DYS438, DYS437, and DYS391. In the
yellow dye channel, TMR-ET labelled STR amplicons are present DYS643, DYS635, DYS570,
DYS439, DYS392, and DYS390. The red dye channel contains DNA fragments labelled with
CXR-ET for Y-GATA-H4, DY S458, DYS456, DYS393, and DYS385a/b. Lastly, the internal lane
standard is detected in the orange dye channel, labelled with WEN dye as the Internal Lane
Standard 500 Y23 (WEN ILS 500 Y23). It is compatible with the ABI 3500 Genetic Analyzers
(Thermo Fisher Scientific) (Thompson et al., 2013).

Some researchers have studied the genetic diversity of Y-chromosome STR loci among Indigenous
ethnic groups in Nigeria however, none have analysed or documented the Y-STRs in Nigeria using
the Promega PowerPlex® Y23. Cole-Showers (2014) used 11 Y-STR loci in 463 samples from
different ethnolinguistic groups, showing stronger genetic ties to sub-Saharan Africa than North
Africa or the Middle East. Chiedozie and Isaac (2015) examined two Igbo males from Owerri with
16 Y-STR loci and mtDNA HVSI, revealing a common paternal lineage approximately 90
generations ago. Fakorede et al. (2019) studied 110 unrelated Yoruba males in Lagos using five Y-
STR markers and confirmed their effectiveness in forensic and paternity testing. Martinez et al.
(2017) evaluated 27 Y-STR loci from 142 samples across Nigeria's major ethnic groups, noting
lower haplotype diversity than East African populations. Fakorede et al. (2024) analysed 461 saliva
samples from unrelated males, including 96 Igbos, 139 Hausas, and 226 Yorubas, using 10 Y-STR
loci in the UniQTyper™ Y-10 system. They found that DYS626 had the highest allelic richness
while DYS504 had the lowest, identifying 403 unique singletons (haplotypes observed only once)
and 430 haplotypes.

5.2  AIM AND OBJETIVES

This research seeks to assess the population genetics of 167 unrelated male individuals across three
Nigerian prominent ethnic groups: Hausa-Fulani, Igbo and Yoruba. The study employed 23 Y-STR
markers utilising the PowerPlex® Y23 System Kit from Promega Corporation. It is worth noting
that the use of the Promega PowerPlex Y23 System Kit has not been previously documented in the

Nigerian population.

The specific objectives for the work detailed in this chapter are as follows:
1. Generate Y-STR profiles and allele frequency data to create a database for each ethnic group

and the overall population.
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2. Ascertain forensic parameters for each ethnic group and the overall population while evaluating
the kit's effectiveness.
3. Evaluate the genetic structure within each population and examine the relationships between the

different ethnic groups.

5.3 MATERIALS AND METHODS

The study involving the Nigerian population collected blood samples at multiple locations in
Nigeria and the United Kingdom, encompassing a cohort of 167 unrelated males, as detailed in
Chapter 2.2. Donors received participant information sheets and consent forms to sign and return.
Furthermore, the participants were offered verbal explanations of the blood sampling procedures.
The Y-STR profiling, associated data, and statistical analyses were performed at the University of
Strathclyde in Glasgow. Detailed procedures for sample collection can be found in Chapter 2.2,
and the participation information sheet and consent form are in Appendices 1 and 2. The DNA
profiling methodology involved a 1.2 mm punch from the FTA® card. It incorporated both standard
PCR and direct PCR techniques, employing the Promega PowerPlex® Y23 System Kit (Promega
Corporation, Madison, Wisconsin, United States), as described in Chapters 2.6.1 and 2.6.2,
respectively. The capillary electrophoresis method, which identifies and separates DNA fragments,
was conducted using the Genetic Analyzer 3500 alongside the WEN Internal Lane Standard (WEN
ILS) 500 Y23 and PowerPlex® Y23 System Allelic Ladder, as outlined in Chapter 2.6.3. Data
interpretation, encompassing the 23 Y-STR loci allele calling, was executed using GeneMapper®
ID-X software version 1.6 (Applied Biosystems - Life Technologies, USA), as detailed in Chapter
2.6.4. Allele frequencies and various forensic parameters [Gene Diversity (GD), Haplotype Match
Probability (HMP), Polymorphic Information Content (PIC), and Discrimination Capacity (DC)]
were generated using the STR Analysis for Forensic (STRAF-A 2.2.2) online tool and the Genetic
Analysis in Excel (GenAIEx 6.5) platform as explained in Chapter 2.7.1. Haplotype Diversity
(HD) was calculated using the formula: HD = n(1-)pi2)/(n—1), where n = total number of
individuals in the sample, and pi = the frequency of the ith haplotype. This was generated using a
Python script leveraging the Pandas and NumPy libraries (Python Software Foundation, 2024;
McKinney, 2010; Harris et al., 2020). Python was also used with the Matplotlib and Seaborn
libraries (Python Software Foundation, 2024; Hunter, 2007; Waskom, 2021) to calculate allelic
richness. In the calculations for allelic richness, the multi-copy locus DY S385a/b was analysed by
designating the smaller allele as DY S385a and the larger allele as DY S385b within each haplotype.
Separating DYS385a/b by assigning the smaller repeat value to DYS385a and the larger value to
DYS385b was done to ensure consistency across the dataset and to provide a reproducible,

systematic method of allele designation. This follows the standard practices in population genetics
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(Kittler et al., 2003; Mann et al., 2024). DYS389 I and DYS389 II were treated as separate loci
during Y-STR data analysis and were analysed in the same manner as other Y-STR markers,
consistent with the allele reporting format of commercial Y-STR typing systems (Kayser et al.,
1997; Butler, 2015). No decomposition of DYS389 Il into DYS389b (DYS389 I - DYS389 I) was
performed. The PAleontological Statistics (PAST 4.03) software was utilised to conduct a Principal
Component Analysis (PCA) to assess sub-population differentiation within the Y-STR dataset, as
explained in Chapter 2.7.2. As explained in Chapter 2.7.2, the Molecular Evolutionary Genetics
Analysis (MEGA-11) software was used to perform a Neighbour-Joining analysis of the Igbo,

Yoruba, and Hausa-Fulani sub-populations.

54  RESULTS

5.4.1 Y-STR HAPLOTYPING

The Promega PowerPlex® Y23 System Kit effectively generated complete DNA profiles from
blood spots on FTA cards for all 167 samples. This was accomplished through two methodologies:
the solid-phase silica gel column extraction method, which was applied to 33 samples, and the

direct PCR amplification approach, utilized for 134 samples.
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Figure 5.1.  Electropherogram produced by the Promega PowerPlex® Y23 System 2800M
Control DNA. The loci are designated using four distinct dye colours, which are distributed
across four separate channels.
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Blood samples that were challenging to amplify using direct PCR were successfully amplified
using standard PCR, which included DNA extraction and quantification to obtain complete STR
profiles. The DNA extraction and quantification processes overcame PCR inhibition, likely caused
by matrix components in the samples that hindered the effectiveness of the direct PCR
method. Each DNA profile generated comprised data at all 23 Y-STR markers. Importantly, all
negative controls incorporated in each assay exhibited no evidence of contamination. Furthermore,
the DNA profile obtained from the positive control sample (Figure 5.1) was consistent with the

expected profile.

5.4.2 ALLELE FREQUENCIES AND FORENSIC PARAMETERS

The Promega PowerPlex® Y23 System Kit successfully generated full Y-STR profiles from blood
samples obtained from 167 unrelated Nigerian males. Allele frequencies and forensic parameters
were calculated for the Igbo, Yoruba, and Hausa-Fulani ethnic groups based on the surveyed
samples. Tables 5.1, 5.2, and 5.3 present detailed results for the Nigerian male population,
comprising participants from all three subpopulations. Among the 167 Nigerian males were 60, 55,
and 52 Igbos, Yorubas, and Hausa-Fulanis. Tables 5.4, 5.5, and 5.6, 5.7, 5.8, and 5.9, and 5.10,
5.11, and 5.12 showcase the allele frequencies and forensic parameters generated for the Igbo,
Yoruba, and Hausa-Fulani subpopulations, respectively. The forensic parameters evaluated from
the allele frequencies of unrelated Nigerian males encompass several key metrics, including Gene
Diversity (GD), Haplotype Match Probability (HMP), Polymorphic Information Content (PIC),

and Discrimination Capacity (DC) for each locus.

Table 5.13 presents a detailed overview of the private alleles observed within the subpopulations.
These private alleles and the related forensic parameters are essential for assessing how informative
and specific the Y-STR data is to each population. Tables 5.14, 5.15, and 5.16 present the Y-STR
haplotype frequencies observed in the Igbo, Yoruba, and Hausa-Fulani ethnic groups, respectively,
as generated using the PowerPlex® Y23 System Kit. These tables summarise the distribution and
frequencies of distinct Y-STR haplotypes within each population and form the basis for subsequent
forensic and population genetic interpretation, as Y-chromosomal loci are inherited as a single non-

recombining haplotype.

Table 5.17 summarizes the number of unique and repeated haplotypes, Discrimination Capacity
(DC) and Haplotype Diversity (HD) for each ethnolinguistic group as well as for the combined

dataset.
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Table 5.1. Allele frequency distribution results among 167 Nigerian males using the Promega PowerPlex® Y23 System Kit

Allele DYS19 DYS3891 DYS38911 DYS390 DYS391 DYS392 DYS393 DYS437 DYS438 DYS439 DYS448 DYS456 DYS458 DYS481 DYSS533 DYS549 DYS570 DYS576 DYS635 DYS643 YGATAH4

8 0.036 0.006 0.036

9 0.024 0.036 0.036 0.024 0.030 0.048
10 0.838 0.305 0.024 0.156 0.030 0.222
11 0.012 0.096 0.725 0.545 0.317 0.521 0.509 0.204 0.407
11.3 0.006

12 0.144 0.006 0.030 0.030 0.048 0.389 0.228 0.347 0.006 0.054 0.192
12.1 0.006
12.3 0.006

13 0.611 0.246 0.473 0.132 0.030 0.162 0.030 0.006 0.030 0.060 0.072 0.030 0.383 0.042
13.2 0.012

14 0.018 0.222 0.329 0.743 0.036 0.096 0.006 0.132 0.036 0.012 0.018 0.012 0.048 0.329 0.024
14.2 0.006

15 0.497 0.006 0.162 0.090 0.012 0.395 0.156 0.006 0.030 0.222 0.024
15.3 0.006

16 0.317 0.006 0.024 0.228 0.329 0.006 0.138 0.311 0.006
17 0.168 0.012 0.108 0.341 0.335 0.263 0.036

18 0.006 0.054 0.090 0.150 0.078

19 0.114 0.036 0.150 0.024 0.030

20 0.012 0.180 0.018 0.090 0.018 0.090
20.3 0.006

21 0.766 0.563 0.030 0.006 0.012 0.539

22 0.108 0.114 0.054 0.204

23 0.042 0.018 0.042 0.078

24 0.054 0.102 0.012

25 0.018 0.293 0.006

26 0.204

27 0.066

28 0.210

29 0.186 0.024

30 0.275

31 0.323

32 0.198

33 0.018
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Table 5.2. Frequency and count of allelic combinations for the DYS385ab locus among
167 Nigerian males using the Promega PowerPlex® Y23 System Kit.

DYS385a/b Alleles Frequency Count
10,10 0.006 1
10,11 0.006 1
11,11 0.018 3
11,12 0.024 4
11,13 0.018 3
12,12 0.006 1
12,13 0.012 2
12,14 0.006 1
12,15 0.012 2
13,13 0.018 3
13,14 0.012 2
13,14.2 0.006 1
13,15 0.071 12
13,16 0.006 1
13,17 0.018 3
13,18 0.012 2
14,14 0.030 5

14.2,14.2 0.006 1
14,15 0.012 2
14,16 0.012 2
14,17 0.030 5
14,18 0.006 1
14,19 0.024 4
14,20 0.006 1
14,21 0.006 1
15,15 0.018 3
15,16 0.042 7
15,16.2 0.006 1
15,17 0.030 5
15,18 0.006 1
15,19 0.012 2
15,20 0.018 3
16,16 0.036 6
16,17 0.054 9
16,18 0.030 5
16,19 0.024 4
16,20 0.006 1
17,17 0.054 9
17,18 0.090 15
17,19 0.036 6
17,20 0.018 3
17,21 0.012 2
18,18 0.054 9
18,19 0.006 1
18,20 0.012 2
19,19 0.030 5
19,20 0.006 1

Note: Locus DYS385a/b contains 47 different allelic combinations of duplicate alleles found
among the 167 unrelated Nigerian males.
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Table 5.3. Forensic parameters for 167 Nigerian males typed at 23 Y-STR loci using the Promega PowerPlex® Y23 System Kit.

DYS19 167 4 2.658 0.628 0.554 0.376 0.624
DYS3891 167 6 2.249 0.560 0.503 0.443 0.557
DYS38911 167 5 3.933 0.750 0.700 0.254 0.746
DYS390 167 6 1.655 0.398 0.376 0.604 0.396
DYS391 167 5 1.401 0.288 0.271 0.714 0.286
DYS392 167 3 1.706 0.416 0.350 0.586 0.414
DYS393 167 5 2.783 0.645 0.574 0.359 0.641
DYS437 167 5 1.732 0.425 0.393 0.577 0.423
DYS438 167 6 2.525 0.608 0.544 0.396 0.604
DYS439 167 6 3.469 0.716 0.663 0.288 0.712
DYS448 167 7 2.664 0.628 0.585 0.375 0.625
DYS456 167 9 4.053 0.763 0.727 0.242 0.758
DYS458 167 8 3.841 0.745 0.699 0.260 0.740
DYS481 167 9 5.224 0.813 0.783 0.191 0.809
DYS533 167 9 2.787 0.654 0.605 0.350 0.650
DYS549 167 8 2.596 0.619 0.548 0.385 0.615
DYS570 167 10 5.194 0.814 0.787 0.191 0.809
DYS576 167 9 4.432 0.779 0.740 0.226 0.774
DYS635 167 9 2.861 0.656 0.616 0.348 0.652
DYS643 167 5 3.327 0.704 0.644 0.301 0.699
Y-GATA-H4 167 9 3.874 0.746 0.706 0.258 0.742
DYS385a/b 167 14 7.893 0.969 0.969 0.331 0.103

N - Number of unrelated males

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

GD - Gene Diversity

PIC - Polymorphic Information Content

HMP - Haplotype Match Probability

DC - Discrimination Capacity
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Table 5.4. Allele frequency distribution results among 60 Igbo males using the Promega PowerPlex® Y23 System Kit

Allele  DYS19 DYS3891 DYS38911 DYS390 DYS391 DYS392 DYS393 DYS437 DYS438 DYS439 DYS448 DYS456 DYS458 DYS481 DYS533 DYS549 DYS570 DYS576 DYS635 DYS643 YGATAH4

8 0.017

9 0.050 0.083 0.033 0.050 0.033

10 0.833 0.233 0.017 0.117 0.017 0.250
11 0.117 0.733 0.483 0.317 0.533 0.517 0.167 0.383
11.3 0.017

12 0.183 0.033 0.117 0.400 0.217 0.267 0.100 0.233
12.1 0.017

13 0.650 0.267 0.500 0.133 0.017 0.167 0.017 0.033 0.100 0.350 0.083
13.2 0.033

14 0.050 0.167 0.317 0.733 0.067 0.067 0.150 0.017 0.033 0.050 0.017 0.050 0.350 0.033
15 0.483 0.133 0.100 0.033 0.517 0.117 0.033 0.133

16 0.317 0.017 0.033 0.200 0.367 0.217 0.417

17 0.150 0.117 0.283 0.433 0.283 0.050

18 0.017 0.133 0.017 0.083

19 0.217 0.067 0.167 0.017 0.067

20 0.017 0.133 0.067 0.017 0.017
20.3 0.017

21 0.600 0.533 0.017 0.017 0.500

22 0.183 0.117 0.083 0.217

23 0.067 0.050 0.100

24 0.100 0.100 0.033

25 0.033 0.250

26 0.267

27 0.083

28 0.133

29 0.167 0.017

30 0.250

31 0.333

32 0.250
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Table 5.5. Frequency and count of allelic combinations for the DYS385ab locus among
60 Igbo males using the Promega PowerPlex® Y23 System Kit.

DYS385a/b Alleles Frequency Count
12,13 0.017 1
12,14 0,017 1
13,13 0.033 2
13,14.2 0.017 1
13,15 0.133 8
14,15 0.017 1
14,16 0.017 1
14,17 0.017 1
14,19 0.050 3
15,15 0.033 2
15,16 0.067 4
15,16.2 0.017 1
15,17 0.017 1
15,19 0.017 1
15,20 0.033 2
16,16 0.067 4
16,17 0.050 3
16,18 0.033 2
16,19 0.033 2
17,17 0.100 6
17,18 0.083 5
17,19 0.017 1
18,18 0.067 4
18,19 0.017 1
19,19 0.017 1

Note: Locus DYS385a/b contains 25 different allelic combinations of duplicate alleles found
among the 60 unrelated Igbo males.
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Table 5.6. Forensic parameters for 60 Igbo males typed at 23 Y-STR loci using the Promega PowerPlex® Y23 System Kit.

DYS19 60 4 2.786 0.652 0.577 0.359 0.641
DYS3891 60 3 2.067 0.525 0.462 0.484 0.516
DYS38911 60 4 3.789 0.749 0.687 0.264 0.736
DYS390 60 6 2.442 0.601 0.554 0.409 0.591
DYS391 60 3 1.407 0.294 0.267 0.711 0.289
DYS392 60 2 1.642 0.398 0.315 0.609 0.391
DYS393 60 5 2.707 0.641 0.567 0.369 0.631
DYS437 60 4 1.765 0.441 0.402 0.567 0.433
DYS438 60 6 3.191 0.698 0.646 0.313 0.687
DYS439 60 6 3.403 0.718 0.656 0.294 0.706
DYS448 60 4 2.757 0.648 0.589 0.363 0.637
DYS456 60 5 2.913 0.668 0.612 0.343 0.657
DYS458 60 7 3.982 0.762 0.711 0.251 0.749
DYS481 60 9 5.607 0.830 0.799 0.178 0.822
DYS533 60 8 2.675 0.662 0.613 0.349 0.651
DYS549 60 6 2.830 0.658 0.598 0.353 0.647
DYS570 60 9 3.704 0.742 0.695 0.270 0.730
DYS576 60 7 3.550 0.731 0.676 0.282 0.718
DYS635 60 8 3.163 0.696 0.650 0.316 0.684
DYS643 60 5 3.523 0.728 0.666 0.284 0.716
Y-GATA-H4 60 6 3.673 0.740 0.682 0.272 0.728
DYS385a/b 60 11 6.075 0.835 0.821 0.165 0.400

N - Number of unrelated males

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

GD - Gene Diversity

PIC - Polymorphic Information Content

HMP - Haplotype Match Probability

DC - Discrimination Capacity
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Table 5.7. Allele frequency distribution results among 55 Yoruba males using the Promega PowerPlex® Y23 System Kit

Allele  DYS19 DYS3891 DYS38911 DYS390 DYS391 DYS392 DYS393 DYS437 DYS438 DYS439 DYS448 DYS456 DYS458 DYS481 DYS533 DYS549 DYS570 DYS576 DYS635 DYS643 YGATAH4

8 0.018 0.018
9 0.018 0.018 0.127
10 0.927 0.345 0.145 0.145
11 0.018 0.073 0.818 0.618 0.345 0.545 0.545 0.218 0.455
12 0.073 0.036 0.018 0.418 0.218 0.400 0.018 0.200
13 0.564 0.182 0.364 0.055 0.018 0.164 0.055 0.055 0.036 0.073 0.400 0.018
14 0.327 0.418 0.836 0.073 0.018 0.127 0.018 0.036 0.364 0.018
15 0.473 0.018 0.182 0.073 0.418 0.182 0.018 0.255 0.018
16 0.309 0.018 0.164 0.309 0.055 0.327

17 0.218 0.018 0.164 0.436 0.255 0.273 0.018

18 0.018 0.036 0.291 0.055

19 0.036 0.018 0.182 0.036 0.018

20 0.200 0.036 0.127 0.127

21 0.964 0.618 0.018 0.018 0.673

22 0.018 0.109 0.036 0.127

23 0.018 0.036

24 0.145

25 0.018 0.327

26 0.145

27 0.055

28 0.255

29 0.200 0.036

30 0.345

31 0.291

32 0.127

33 0.036
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Table 5.8. Frequency and count of allelic combinations for the DYS385ab locus among
55 Yoruba males using the Promega PowerPlex® Y23 System Kit.

DYS385a/b Alleles Frequency Count
11,11 0.018 1
11,12 0.018 1
11,13 0.036 2
13,13 0.018 1
13,15 0.055 3
13,16 0.018 1
13,17 0.055 3
13,18 0.018 1
14,14 0.036 2

14.2,14.2 0.018 1
14,15 0.018 1
14,17 0.036 2
14,18 0.018 1
14,19 0.018 1
14,20 0.018 1
14,21 0.018 1
15,17 0.036 2
15,18 0.018 1
15,20 0.018 1
16,17 0.164 9
16,18 0.036 2
16,19 0.018 1
17,17 0.036 2
17,18 0.073 4
17,19 0.018 1
17,20 0.018 1
17,21 0.036 2
18,18 0.036 2
18,20 0.036 2
19,19 0.018 1

Note: Locus DYS385a/b contains 25 different allelic combinations of duplicate alleles found
among the 55 unrelated Yoruba males.
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Table 5.9. Forensic parameters for 55 Yoruba males typed at 23 Y-STR loci using the Promega PowerPlex® Y23 System Kit.

DYS19 55 3 2.728 0.645 0.560 0.367 0.633
DYS3891 55 5 2.322 0.580 0.496 0.431 0.569
DYS38911 55 5 3.824 0.752 0.693 0.261 0.739
DYS390 55 3 1.076 0.072 0.070 0.929 0.071
DYS391 55 2 1.156 0.137 0.126 0.865 0.135
DYS392 55 2 1.424 0.303 0.253 0.702 0.298
DYS393 55 4 2.928 0.671 0.591 0.341 0.659
DYS437 55 5 1.412 0.297 0.279 0.708 0.292
DYS438 55 4 1.991 0.507 0.406 0.502 0.498
DYS439 55 4 3.065 0.686 0.613 0.326 0.674
DYS448 55 6 2.293 0.574 0.522 0.436 0.564
DYS456 55 8 4.007 0.764 0.720 0.250 0.750
DYS458 55 6 3.115 0.692 0.622 0.321 0.679
DYS481 55 7 4.549 0.795 0.748 0.220 0.780
DYS533 55 6 2.703 0.642 0.584 0.370 0.630
DYS549 55 4 2.178 0.551 0.444 0.459 0.541
DYS570 55 7 4.825 0.807 0.763 0.207 0.793
DYS576 55 7 3.965 0.762 0.705 0.252 0.748
DYS635 55 6 2.054 0.523 0.481 0.487 0.513
DYS643 55 4 2.940 0.672 0.589 0.340 0.660
Y-GATA-H4 55 8 3.505 0.728 0.678 0.285 0.715
DYS385a/b 55 12 7.370 0.951 0.946 0.049 0.545

N - Number of unrelated males

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

GD - Gene Diversity

PIC - Polymorphic Information Content

HMP - Haplotype Match Probability

DC - Discrimination Capacity

161



Table 5.10.  Allele frequency distribution results among 52 Hausa males using the Promega PowerPlex® Y23 System Kit

Allele  DYS19 DYS3891 DYS38911 DYS390 DYS391 DYS392 DYS393 DYS437 DYS438 DYS439 DYS448 DYS456 DYS458 DYS481 DYS533 DYS549 DYS570 DYS576 DYS635 DYS643 YGATAH4

8 0.115 0.077

9 0.019 0.019 0.058 0.019 0.038 0.019
10 0.750 0.346 0.058 0.212 0.077 0.269
11 0.019 0.096 0.615 0.538 0.288 0.481 0.462 0.231 0.385
12 0.173 0.019 0.096 0.019 0.346 0.250 0.385 0.058 0.135
12.3 0.019

13 0.615 0.288 0.558 0.212 0.058 0.154 0.038 0.038 0.154 0.096 0.404 0.019
14 0.173 0.250 0.654 0.038 0.154 0.115 0.077 0.019 0.058 0.269 0.019
14.2 0.019

15 0.538 0.173 0.096 0.231 0.173 0.058 0.288 0.058
15.3 0.019

16 0.327 0.019 0.327 0.308 0.019 0.135 0.173 0.019
17 0.135 0.019 0.038 0.308 0.308 0.231 0.038

18 0.019 0.135 0.096 0.154 0.096

19 0.077 0.019 0.096 0.019

20 0.019 0.212 0.019 0.077 0.038 0.135

21 0.750 0.538 0.077 0.442

22 0.115 0.115 0.038 0.269

23 0.058 0.038 0.077 0.096

24 0.058 0.058

25 0.308 0.019

26 0.192

27 0.058

28 0.250

29 0.192 0.019

30 0.231

31 0.346

32 0.212

33 0.019
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Table 5.11.  Frequency and count of allelic combinations for the DYS385ab locus among
52 Hausa-Fulani males using the Promega PowerPlex® Y23 System Kit.

DYS385a/b Alleles Frequency Count
10,10 0.019 1
10,11 0.019 1
11,11 0.038 2
11,12 0.058 3
11,13 0.019 1
12,12 0.019 1
12,13 0.019 1
12,15 0.038 2
13,14 0.038 2
13,15 0.019 1
13,18 0.019 1
14,14 0.058 3
14,16 0.019 1
14,17 0.038 2
15,15 0.019 1
15,16 0.038 2
15,17 0.038 2
15,19 0.019 1
16,16 0.038 2
16,18 0.019 1
16,19 0.019 1
16,20 0.019 1
17,17 0.019 1
17,18 0.115 6
17,19 0.076 4
17,20 0.038 2
18,18 0.058 3
19,19 0.058 3
19,20 0.019 1

Note: Locus DYS385a/b contains 29 different allelic combinations of duplicate alleles found
among the 52 unrelated Hausa-Fulani males.
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Table 5.12.  Forensic parameters for 52 Hausa-Fulani males typed at 23 Y-STR loci using the Promega PowerPlex® Y23 System Kit.

DYS19 52 3 2410 0.597 0.509 0.415 0.585
DYS3891 52 5 2.242 0.572 0.513 0.439 0.561
DYS38911 52 5 3.919 0.759 0.700 0.255 0.745
DYS390 52 5 1.716 0.425 0.394 0.583 0.417
DYS391 52 5 1.707 0.422 0.388 0.586 0.414
DYS392 52 3 2.122 0.539 0.457 0.471 0.529
DYS393 52 4 2.476 0.608 0.535 0.404 0.596
DYS437 52 5 2.074 0.528 0.470 0.482 0.518
DYS438 52 5 2.410 0.597 0.511 0.415 0.585
DYS439 52 5 3.942 0.761 0.704 0.254 0.746
DYS448 52 6 2.811 0.657 0.604 0.356 0.644
DYS456 52 9 4.761 0.814 0.773 0.201 0.799
DYS458 52 7 4.199 0.780 0.728 0.235 0.765
DYS481 52 8 4.794 0.807 0.762 0.209 0.791
DYS533 52 4 2.926 0.671 0.601 0.342 0.658
DYS549 52 6 2.709 0.643 0.562 0.369 0.631
DYS570 52 8 5.587 0.837 0.800 0.179 0.821
DYS576 52 8 5.261 0.826 0.785 0.190 0.810
DYS635 52 6 3.363 0.716 0.658 0.297 0.703
DYS643 52 5 3.406 0.720 0.655 0.294 0.706
Y-GATA-H4 52 9 4.012 0.765 0.716 0.249 0.751
DYS385a/b 52 11 9.620 0.973 0.950 0.047 0.560

N - Number of unrelated males

Allele (v) - Number of different allelic variants

Allele (e) - Number of effective alleles

GD - Gene Diversity

PIC - Polymorphic Information Content

HMP - Haplotype Match Probability

DC - Discrimination Capacity
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Table 5.13. Summary of private alleles by sub-population using the Promega
PowerPlex® Y23 System Kit

Subpopulation/ Ethnic group Locus Allele Frequency
DYS19 14 0.050
DYS481 21 0.017
DYS549 14 0.050
DYS533 14 0.033
Igbo (N = 60) DYS635 24 0.033
DYS439 15 0.033
DYS393 16 0.017
DYS458 13 0.017
DYS576 12 0.018
DYS3891 15 0.018
DYS448 14 0.018
Yoruba (N = 55) DYS549 15 0.018
DYS533 8 0.018
DYS385b 21 0.073
DYS576 13 0.096
DYS448 18 0.019
DYS391 8 0.115
DYS391 12 0.019
DYS549 16 0.019
Hausa (N = 52) DYS635 25 0.019
DYS392 12 0.096
Y-GATA-H4 16 0.019
DYS385a 10 0.038
DYS385b 10 0.019
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Table 5.14. Haplotype Frequency Specific to the Igho Ethnic Group for the PowerPlex®
Y23 System Kit

16-12.0-21-31-15-10-24-12-11.0-10-14-16.0-22.0-21-13-11-13-15-16.0-16.0-11-14.0-19.0
16-13.0-22-31-15-10-26-12-11.0-11-14-20.0-21.0-21-14-11-13-13-17.0-16.0-10-15.0-15.0
16-13.0-21-32-15-10-26-11-11.0-11-13-13.2-21.0-22-14-11-14-13-16.0-15.0-10-16.0-17.0
16-13.0-21-31-16-9-25-11-10.0-11-14-17.0-22.0-22-11-11-13-13-17.0-15.0-12-17.0-17.0
17-13.0-21-31-15-10-25-11-11.0-11-14-16.0-21.0-21-11-11-14-15-15.0-15.0-11-14.0-17.0
17-13.0-21-30-16-11-25-11-12.0-11-13-17.0-21.0-21-12-11-14-14-16.0-15.0-11-15.0-15.0
15-13.0-19-31-15-10-25-13-13.0-11-14-17.0-24.0-21-12-11-14-14-16.0-16.0-11-16.0-17.0
17-12.0-21-31-16-11-27-13-14.0-10-14-17.0-21.0-21-12-13-13-15-16.0-15.0-12-13.0-13.0
16-13.0-20-30-17-10-26-11-11.0-10-13-17.0-21.0-21-13-11-14-14-16.0-15.0-11-15.0-16.0
17-12.0-19-30-16-11-26-12-11.0-10-15-15.0-19.0-22-14-13-14-13-16.0-16.0-12-16.0-19.0
16-14.0-21-32-15-10-26-12-12.0-11-14-17.0-19.0-21-12-11-13-14-15.0-16.0-10-17.0-17.0
16-13.0-21-30-15-10-24-11-11.0-14-14-16.0-22.0-21-12-11-13-15-17.0-15.0-10-17.0-17.0
16-13.0-21-30-17-10-24-11-11.0-11-14-17.0-22.0-21-15-11-13-14-17.0-15.0-10-18.0-19.0
17-14.0-21-31-16-10-26-11-11.0-11-14-16.0-20.0-21-12-11-14-15-18.0-17.0-10-14.0-19.0
16-13.0-19-30-15-10-25-12-11.0-14-14-16.0-21.0-22-11-11-14-12-18.0-15.0-11-18.0-18.0
17-12.0-21-31-15-10-25-11-11.0-11-13-17.0-21.0-21-13-11-13-15-17.0-15.0-12-19.0-19.0
16-13.0-21-30-16-10-26-12-11.0-11-13-17.0-22.0-21-12-11-14-13-16.0-16.0-12-16.0-17.0
16-14.0-22-32-15-10-28-11-11.3-10-14-16.0-21.0-21-12-11-14-13-19.0-15.0-11-17.0-17.0
15-13.0-21-32-15-10-25-12-12.0-11-14-16.0-21.0-21-12-11-13-14-16.0-15.0-11-16.0-16.0
17-13.0-21-29-16-10-25-11-12.0-11-13-16.0-21.0-21-12-11-14-14-17.0-15.0-10-15.0-16.0
17-12.0-21-30-15-10-28-11-11.0-11-14-19.0-21.0-22-12-11-14-13-17.0-15.0-12-15.0-16.2
18-13.0-22-29-16-10-25-11-11.0-10-14-17.0-21.0-21-12-11-14-14-17.0-15.0-8-12.0-13.0
17-13.0-21-31-17-10-25-10-11.0-11-14-17.0-21.0-21-11-11-13-13-16.0-15.0-11-18.0-18.0
16-13.0-21-32-15-10-22-11-12.1-10-14-17.0-20.3-21-13-11-13-14-15.0-16.0-10-16.0-16.0
16-12.0-21-29-17-10-26-11-11.0-12-14-17.0-21.0-21-11-13-11-14-18.0-16.0-10-15.0-19.0
17-13.0-21-32-15-10-26-11-10.0-9-15-17.0-20.3-23-11-11-12-13-16.0-15.0-11-17.0-17.0
16-14.0-21-31-15-10-27-12-11.0-9-14-19.0-22.0-21-13-11-11-14-16.0-14.0-11-16.0-17.0
17-14.0-19-31-16-10-24-11-9.0-11-14-19.0-21.0-24-11-11-12-13-13.0-14.0-12-17.0-18.0
15-13.0-20-31-16-10-25-11-11.0-12-14-17.0-21.0-21-12-13-12-14-17.0-17.0-12-15.0-17.0

16-12.0-22-29-15-9-28-12-11.0-11-14-17.0-21.0-22-12-13-11-13-15.0-15.0-8-15.0-20.0
17-14.0-22-29-16-10-25-14-11.3-12-14-16.0-19.0-21-11-11-14-14-17.0-16.0-8-16.0-18.0
14-13.0-21-32-17-10-25-11-10.0-11-14-16.0-21.0-24-12-11-11-15-16.0-14.0-12-17.0-18.0
14-13.0-19-31-15-10-22-12-10.0-11-14-20.0-23.0-23-13-13-11-14-16.0-16.0-10-16.0-17.0
14-13.0-20-32-15-10-25-13-11.0-11-14-15.0-24.0-21-13-11-13-13-15.0-17.0-11-15.0-20.0
17-13.0-20-32-16-10-28-11-11.0-12-14-17.0-21.0-21-11-11-13-13-17.0-16.0-13-17.0-18.0
17-13.0-22-32-15-10-26-11-12.0-12-15-16.0-17.0-24-11-13-13-13-18.0-15.0-10-14.0-16.0
16-13.0-22-31-17-10-26-12-10.0-9-15-17.0-17.0-24-10-11-11-13-19.0-14.0-12-16.0-17.0
16-13.0-19-31-16-10-27-11-11.0-10-14-19.0-23.0-22-12-11-12-13-16.0-14.0-10-16.0-16.0
19-14.0-19-32-14-10-21-12-11.0-12-14-19.0-23.0-25-11-13-12-13-18.0-17.0-13-13.0-15.0
18-12.0-19-31-16-9-26-14-12.0-10-16-19.0-21.0-22-13-11-11-13-16.0-17.0-11-13.0-15.0
16-14.0-19-32-15-10-22-14-12.0-9-14-17.0-23.0-25-13-13-13-13-17.0-15.0-11-13.0-13.0
16-13.0-21-31-16-11-24-12-11.0-10-14-21.0-21.0-21-11-11-14-13-16.0-14.0-14-17.0-17.0
18-13.0-20-31-17-10-26-11-12.0-11-14-20.0-21.0-21-12-13-11-14-19.0-15.0-11-15.0-16.0
16-12.0-21-30-16-10-26-11-11.0-10-14-17.0-22.0-22-12-13-13-13-15.0-15.0-13-17.0-19.0
17-13.0-19-30-16-10-25-11-13.0-11-14-19.0-22.0-21-12-11-13-14-17.0-15.0-12-14.0-19.0
16-13.0-21-32-15-11-24-13-11.0-11-14-20.0-21.0-21-10-11-14-13-17.0-17.0-10-16.0-19.0
16-13.0-21-32-15-10-28-11-12.0-11-14-18.0-22.0-20-11-11-14-13-16.0-15.0-12-18.0-18.0
15-12.0-19-31-14-10-23-13-11.0-9-14-17.0-21.0-24-11-11-14-14-17.0-15.0-11-16.0-16.0
16-13.0-21-29-17-10-28-9-10.0-11-14-17.0-22.0-22-11-13-11-14-15.0-15.0-11-16.0-18.0
15-13.0-20-32-15-11-27-11-11.0-11-14-19.0-23.0-21-11-11-12-13-17.0-15.0-12-15.0-16.0
16-13.0-19-29-15-11-22-13-12.0-12-14-17.0-23.0-24-12-13-14-13-19.0-15.0-13-16.0-17.0
15-14.0-21-29-14-10-23-12-10.0-11-14-17.0-21.0-21-12-11-13-14-16.0-15.0-13-18.0-18.0

16-12.0-19-29-15-10-26-9-12.0-9-14-16.0-21.0-21-13-13-14-15-18.0-17.0-12-13.0-14.2

14-13.0-21-29-16-9-28-9-9.0-10-16-16.0-21.0-23-12-13-14-12-17.0-14.0-11-17.0-18.0
20-13.0-22-31-16-10-26-12-12.0-10-15-17.0-17.0-23-11-11-13-13-18.0-14.0-11-13.0-15.0
17-13.0-21-30-15-10-27-12-14.0-14-13-19.0-22.0-21-14-11-14-13-17.0-15.0-11-14.0-15.0
14-13.0-21-30-15-10-28-11-11.0-11-14-19.0-22.0-21-12-11-11-13-16.0-16.0-10-17.0-18.0
16-13.0-21-30-15-11-25-11-11.0-10-13-17.0-21.0-21-12-11-14-13-16.0-17.0-10-15.0-16.0
16-13.0-21-30-15-10-23-11-11.3-11-14-14.0-21.0-21-11-11-13-15-18.0-15.0-11-16.0-16.0
17-14.0-21-30-17-10-29-11-12.1-14-13-13.2-19.0-22-12-13-13-13-16.0-15.0-11-16.0-17.0
Haplotypes are reported as allele strings in a fixed marker order corresponding to the PowerPlex® Y23 System Kit. The marker
order used is: DYS576, DYS3891, DYS448, DYS38911, DYS19, DYS391, DYS481, DYS549, DYS533, DYS438, DYS437, DYS570,
DYS635, DYS390, DYS439, DYS392, DYS643, DYS393, DYS458, DYS456, YGATAH4, DYS385a, and DYS385b.
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Table 5.15. Haplotype Frequency Specific to the Yoruba Ethnic Group for the
PowerPlex® Y23 System Kit

12-11.0-19-31-17-10-22-11-8.0-10-17-20.0-20.0-21-11-11-14-13-15.0-16.0-11-13.0-15.0
19-14.0-14-29-17-10-26-11-13.0-10-14-18.0-17.0-22-11-11-13-13-18.0-15.0-10-11.0-12.0
15-13.0-21-30-17-10-29-11-11.0-11-15-20.0-21.0-21-13-11-14-14-17.0-15.0-12-14.2-14.2
17-13.0-20-29-15-10-28-12-10.0-10-15-18.0-20.0-21-12-11-14-13-17.0-21.0-11-17.0-19.0
15-13.0-21-29-16-10-25-11-11.0-11-14-18.0-21.0-21-12-11-14-14-16.0-15.0-11-14.0-15.0
16-14.0-21-31-16-10-24-11-11.0-10-14-17.0-22.0-21-12-11-13-14-16.0-14.0-12-11.0-13.0
15-12.0-21-31-15-10-28-12-12.0-10-14-19.0-21.0-21-11-11-13-13-16.0-15.0-9-15.0-17.0
15-13.0-20-30-16-11-25-12-10.0-11-14-16.0-22.0-21-12-11-11-14-17.0-16.0-9-17.0-21.0
17-13.0-21-30-16-10-25-11-11.0-11-14-17.0-21.0-21-12-11-13-14-15.0-17.0-11-18.0-20.0
15-13.0-21-30-15-10-28-12-11.0-11-14-19.0-21.0-21-11-13-13-14-15.0-16.0-12-17.0-20.0
15-13.0-21-30-17-10-28-11-11.0-10-14-19.0-21.0-21-13-11-14-13-15.0-15.0-11-14.0-19.0
17-14.0-19-30-16-10-22-13-11.0-12-14-18.0-23.0-25-12-11-11-13-17.0-15.0-12-16.0-17.0
15-13.0-21-29-16-10-29-11-11.0-11-15-20.0-21.0-21-13-11-14-14-17.0-15.0-9-11.0-13.0
17-12.0-21-29-15-10-28-12-11.0-11-14-21.0-20.0-21-12-11-13-14-17.0-15.0-10-15.0-17.0
15-13.0-21-29-16-10-28-11-12.0-10-14-17.0-22.0-21-11-11-11-14-16.0-17.0-11-17.0-21.0
16-12.0-22-30-15-11-28-12-11.0-11-14-20.0-22.0-21-12-11-11-14-17.0-15.0-12-18.0-18.0
16-13.0-22-31-15-10-28-12-11.0-11-14-19.0-21.0-21-11-11-14-13-17.0-15.0-11-17.0-21.0
16-14.0-21-31-15-10-27-11-10.0-11-14-17.0-21.0-21-11-11-11-14-16.0-16.0-10-14.0-17.0
16-14.0-21-31-17-10-27-11-10.0-10-14-17.0-21.0-21-12-11-13-14-16.0-17.0-11-13.0-15.0
16-14.0-21-30-15-10-25-11-12.0-11-14-17.0-21.0-21-12-12-14-15-15.0-15.0-9-13.0-13.0
15-14.0-21-29-16-10-26-11-13.0-11-14-19.0-21.0-21-12-11-9-12-16.0-15.0-11-15.0-18.0
19-13.0-21-31-15-10-24-11-12.0-11-14-18.0-22.0-21-14-11-9-14-17.0-14.0-11-17.0-18.0
18-14.0-22-31-15-10-24-12-12.0-10-16-16.0-19.0-21-12-11-9-13-19.0-14.0-12-17.0-18.0
15-14.0-21-30-15-10-26-12-13.0-10-14-19.0-21.0-21-12-11-14-12-17.0-14.0-12-13.0-16.0
15-13.0-21-31-16-10-28-11-8.0-10-14-13.0-21.0-21-12-11-13-13-17.0-13.0-11-14.0-14.0
15-13.0-21-30-16-10-28-11-11.0-11-14-20.0-21.0-21-12-11-13-13-17.0-15.0-11-19.0-19.0
16-13.0-21-30-17-10-25-12-11.0-11-14-17.0-20.0-21-14-11-13-14-16.0-15.0-11-14.0-20.0
16-14.0-21-29-17-10-25-12-10.0-10-14-17.0-21.0-21-12-11-13-15-15.0-13.0-12-17.0-18.0
17-13.0-21-30-15-10-26-11-11.0-11-14-18.0-21.0-21-12-11-11-15-16.0-16.0-11-14.0-18.0
17-13.0-22-31-15-10-25-11-12.0-10-14-17.0-21.0-21-12-11-13-13-16.0-17.0-9-17.0-18.0
16-14.0-20-30-16-10-25-12-11.0-11-14-17.0-21.0-21-11-11-13-14-17.0-14.0-10-18.0-18.0
17-15.0-21-33-16-10-25-11-11.0-11-14-19.0-22.0-21-11-11-13-15-17.0-15.0-10-13.0-17.0
16-13.0-22-33-15-10-25-11-11.0-10-13-16.0-21.0-21-12-11-11-15-15.0-16.0-15-14.0-21.0
17-14.0-22-32-16-11-26-11-10.0-10-15-18.0-20.0-21-12-11-13-13-18.0-18.0-14-16.0-18.0
17-14.0-20-31-16-10-24-12-11.0-10-14-18.0-21.0-21-13-11-13-14-16.0-17.0-15-11.0-11.0
17-14.0-20-30-17-10-24-12-11.0-11-14-18.0-21.0-21-13-11-14-14-16.0-17.0-12-18.0-18.0
16-13.0-20-31-17-10-25-11-12.0-10-13-13.0-21.0-21-14-13-13-14-17.0-17.0-11-13.0-17.0
18-14.0-21-32-17-10-27-11-12.0-11-14-20.0-21.0-21-13-11-11-13-16.0-15.0-9-13.0-17.0
16-13.0-23-32-15-10-25-12-11.0-11-14-19.0-21.0-21-11-11-11-14-16.0-16.0-10-17.0-17.0
16-13.0-21-31-16-10-25-12-10.0-10-14-17.0-20.0-21-11-11-13-15-15.0-20.0-11-13.0-18.0
17-14.0-20-31-15-10-24-11-11.0-11-14-18.0-21.0-21-11-11-14-14-16.0-14.0-10-17.0-17.0
17-13.0-21-29-16-10-25-11-12.0-11-14-17.0-21.0-21-12-11-11-15-14.0-17.0-11-16.0-18.0
17-14.0-20-32-17-10-24-12-11.0-11-14-18.0-21.0-21-13-11-11-14-16.0-17.0-11-15.0-20.0
14-13.0-21-30-15-10-28-11-11.0-10-14-13.0-21.0-21-14-11-14-13-17.0-20.0-9-16.0-17.0
16-13.0-21-32-15-11-24-12-11.0-11-14-20.0-21.0-21-11-11-14-13-17.0-14.0-11-17.0-18.0
16-14.0-21-29-15-10-25-12-11.0-11-14-18.0-21.0-21-11-12-14-13-17.0-15.0-12-16.0-17.0
15-13.0-21-31-15-10-26-12-11.0-11-14-19.0-22.0-21-12-11-14-13-17.0-15.0-12-14.0-17.0
17-13.0-21-30-15-10-25-11-11.0-11-14-18.0-21.0-21-11-11-13-14-16.0-15.0-11-13.0-15.0
16-13.0-21-30-16-10-25-11-11.0-11-13-17.0-21.0-21-13-11-13-15-17.0-16.0-11-16.0-17.0
14-13.0-21-29-15-10-28-12-10.0-11-14-19.0-21.0-21-11-11-14-13-17.0-15.0-9-16.0-17.0
16-13.0-21-30-15-10-25-12-11.0-10-14-17.0-21.0-21-14-11-13-15-17.0-16.0-10-16.0-17.0
18-13.0-20-31-15-10-26-13-11.0-11-14-18.0-21.0-21-11-11-11-15-15.0-13.0-15-16.0-19.0
16-13.0-20-30-17-10-28-12-12.0-11-14-13.0-20.0-21-11-11-14-13-17.0-15.0-11-14.0-14.0
15-12.0-20-30-15-10-28-11-12.0-11-14-18.0-21.0-21-12-11-14-13-15.0-15.0-12-17.0-21.0
17-13.0-21-30-15-10-26-11-12.0-11-14-18.0-23.0-21-13-11-13-14-17.0-15.0-11-18.0-20.0

. RSN RN Ry RN gERN . ERN O NEEN . U RN . NN gERN . NEEN . EEN . pERN . QRN NN . RN RN . SRS . U . NERN . JEEN . Ry gy . ESN . RSy .
. NN RN Ry RN gERN . EERN O JEEN . U RN . NN gERN . NEEN . EEN . pERN . QRN NN . RN RN . ERN . U . NERN . JEEN . Ry gy . ESN . RSy .

Haplotypes are reported as allele strings in a fixed marker order corresponding to the PowerPlex® Y23 System Kit. The marker
order used is: DYS576, DYS3891, DYS448, DYS3891I1, DYS19, DYS391, DYS481, DYS549, DYS533, DYS438, DYS437, DYS570,
DYS635, DYS390, DYS439, DYS392, DYS643, DYS393, DYS458, DYS456, YGATAH4, DYS385a, and DYS385b.
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Table 5.16. Haplotype Frequency Specific to the Hausa-Fulani Ethnic Group for the
PowerPlex® Y23 System Kit

16-13.0-21-33-16-12-28-12-11.0-11-14-15.0-21.0-21-11-12-14-14-17.0-15.0-16-16.0-16.0
16-14.0-20-33-15-10-22-11-11.0-13-14-19.0-25.0-24-12-11-13-13-15.0-21.0-16-11.0-11.0
16-13.0-22-33-16-10-27-12-11.0-11-14-13.0-21.0-21-13-12-11-13-17.0-14.0-16-11.0-12.0
15-13.0-20-33-16-11-28-11-11.0-13-13-19.0-21.0-22-12-11-13-15-15.0-16.0-11-19.0-19.0
13-13.0-20-33-15-10-24-11-12.0-13-13-16.0-21.0-21-14-11-14-14-17.0-21.0-11-16.0-20.0
15-12.3-21-33-15-8-26-12-11.0-11-13-16.0-21.0-21-13-12-14-13-15.0-16.0-16-14.0-16.0
17-12.0-21-33-15-8-24-11-10.0-11-15-16.0-20.0-22-12-12-13-14-16.0-21.0-11-16.0-16.0
17-14.0-22-33-16-10-26-12-10.0-11-15-15.0-17.0-23-13-11-13-13-17.0-13.0-16-15.0-16.0
17-13.0-21-31-15-10-26-11-12.0-13-13-17.0-21.0-21-12-12-11-13-14.0-15.0-11-18.0-18.0
14-13.0-20-33-15-11-28-12-11.0-13-13-13.0-21.0-21-11-11-14-14-16.0-16.0-16-14.0-14.0
15-13.0-20-30-16-10-28-11-12.0-11-14-19.0-22.0-21-10-12-13-13-16.0-16.0-11-16.0-16.0
15-13.0-21-33-15-10-26-11-12.0-11-14-17.0-20.0-21-12-11-14-14-15.0-16.0-16-11.0-12.0
17-13.0-21-33-16-10-25-12-12.0-13-14-18.0-23.0-21-11-11-11-15-17.0-13.0-11-14.0-14.0
15-13.0-21-33-15-10-26-12-11.0-11-14-17.0-22.0-21-11-11-11-14-15.0-15.0-16-17.0-18.0
13-12.0-21-33-16-8-25-11-11.0-13-13-17.0-20.0-21-10-12-13-13-14.0-16.0-11-14.0-14.0
16-13.0-21-33-15-10-25-11-10.0-13-14-17.0-21.0-21-11-11-14-13-15.0-15.0-11-18.0-18.0
16-13.0-22-32-15-10-26-12-11.0-13-14-20.0-22.0-21-12-11-13-13-17.0-15.0-11-15.0-17.0
17-13.0-21-33-16-10-26-12-10.0-11-13-17.0-22.0-21-12-11-14-13-16.0-18.0-16-10.0-10.0
16-13.0-21-31-15-10-28-11-11.0-11-14-17.0-21.0-21-13-13-14-14-18.0-17.0-11-16.0-16.0
17-13.0-22-33-15-10-26-12-12.0-11-14-16.0-21.0-21-13-11-13-13-16.0-16.0-16-15.0-15.0
17-13.0-21-33-15-10-26-16-12.0-13-14-17.0-21.0-21-13-11-11-15-15.0-15.0-11-12.0-15.0
19-13.0-21-33-16-10-26-11-11.0-11-15-17.0-22.0-21-11-12-13-13-16.0-13.0-11-11.0-12.0
15-11.0-21-33-16-10-22-12-11.0-11-14-17.0-17.0-22-13-11-13-13-14.0-16.0-16-11.0-11.0
15-12.3-20-33-15-10-28-11-12.0-11-14-18.0-21.0-21-12-11-14-13-15.0-15.0-11-13.0-14.0
17-13.0-21-33-15-10-24-10-11.0-11-14-18.0-22.0-21-11-11-11-14-16.0-14.0-11-14.0-17.0
15-14.0-19-32-15-10-28-12-10.0-11-14-18.0-17.0-21-12-11-11-13-17.0-18.0-11-10.0-11.0
18-14.0-22-33-15-10-28-10-12.0-11-14-17.0-22.0-21-12-12-11-13-17.0-16.0-16-12.0-13.0
20-13.0-21-33-16-10-25-11-11.0-11-14-17.0-20.0-21-11-11-14-15-16.0-15.0-11-12.0-15.0
14-13.0-20-31-15-10-25-12-10.0-13-15-20.0-21.0-22-13-12-13-14-17.0-16.0-16-12.0-12.0
14-13.0-19-31-17-10-27-11-11.0-11-14-13.0-21.0-24-12-11-14-15-17.0-18.0-16-18.0-18.0
15-13.0-22-33-17-8-28-11-11.0-11-14-18.0-21.0-21-11-12-13-13-18.0-16.0-11-19.0-19.0
18-13.0-20-32-16-10-23-11-10.0-11-15-13.0-22.0-23-12-11-13-13-14.2-14.0-16-17.0-18.0
15-12.0-21-33-17-10-28-10-11.0-13-14-18.0-25.0-21-13-11-14-13-15.0-16.0-11-13.0-18.0
17-13.0-21-33-16-10-25-12-12.0-11-13-17.0-22.0-22-12-11-13-13-17.0-16.0-16-13.0-14.0
13-14.0-19-33-15-11-23-12-12.0-13-15-14.0-23.0-24-11-11-14-13-18.0-13.0-16-16.0-18.0
13-12.0-20-33-15-8-23-11-12.0-11-14-13.0-21.0-21-13-13-13-14-17.0-13.0-11-18.0-18.0
13-12.0-20-31-15-8-25-12-11.0-11-14-16.0-20.0-21-12-11-14-15-17.0-13.0-11-14.0-17.0
18-13.0-21-33-15-10-25-12-11.0-13-13-18.0-22.0-21-12-12-13-13-16.0-16.0-16-17.0-19.0
13-12.0-21-33-15-8-25-11-11.0-11-13-13.0-20.0-21-12-11-14-13-14.0-13.0-16-17.0-20.0
17-13.0-21-33-16-10-25-11-11.0-13-14-13.0-21.0-21-11-11-13-15-16.0-15.0-16-15.0-17.0
15-14.0-19-32-15-11-23-16-12.0-11-14-19.0-23.0-22-10-11-13-13-18.0-16.0-11-15.0-19.0
15-13.0-20-33-17-11-28-11-11.0-11-14-17.0-23.0-21-12-12-14-12-16.0-21.0-11-16.0-19.0
15-13.0-21-33-17-10-28-11-11.0-13-14-20.0-21.0-21-11-11-13-13-16.0-18.0-16-17.0-17.0
15-14.0-23-32-17-10-27-11-11.0-11-13-18.0-21.0-21-11-12-13-14-16.0-13.0-11-13.0-15.0
17-12.0-21-32-16-10-25-10-12.0-11-14-15.0-22.0-21-12-11-11-14-19.0-16.0-11-17.0-19.0
16-13.0-21-31-16-10-25-16-11.0-11-14-16.0-20.0-21-13-12-13-13-17.0-16.0-11-15.0-16.0
16-13.0-23-33-15-10-25-12-10.0-11-14-13.0-23.0-21-12-11-13-13-17.0-15.3-16-11.0-12.0
15-13.0-21-33-15-10-28-11-11.0-13-14-19.0-21.0-21-11-12-13-13-17.0-13.0-10-11.0-13.0
17-13.0-21-33-15-10-28-12-11.0-11-14-19.0-21.0-21-12-11-14-13-18.0-15.0-11-19.0-20.0
18-12.0-19-33-15-10-25-16-11.0-13-14-16.0-21.0-22-11-11-13-13-16.0-16.0-16-18.0-18.0
18-14.0-21-33-17-10-25-11-11.0-11-14-17.0-22.0-21-11-11-13-14-16.0-15.0-11-17.0-19.0
16-14.0-21-30-16-10-27-12-11.0-11-14-17.0-22.0-21-11-12-14-14-16.0-21.0-11-17.0-20.0
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Haplotypes are reported as allele strings in a fixed marker order corresponding to the PowerPlex® Y23 System Kit. The marker
order used is: DYS576, DYS3891, DYS448, DYS38911, DYS19, DYS391, DYS481, DYS549, DYS533, DYS438, DYS437, DYS570,
DYS635, DYS390, DYS439, DYS392, DYS643, DYS393, DYS458, DYS456, YGATAH4, DYS385a, and DYS385b.
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Table 5.17. Summary of unique and recurrent haplotypes, Haplotype Diversity (HD), and Discrimination Capacity (DC) for each
ethnolinguistic group and the combined dataset.

Ethnolinguistic group Number of unique Number of recurrent Haplotypes Discrimination
haplotypes haplotypes within a group Diversity (%) Capacity (%)
Igbo 60 0 98.3 99.9
Yoruba 55 0 98.2 99.9
Hausa-Fulani 52 0 98.1 99.9
Combined dataset 167 0 99.4 99.9
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The findings related to allele frequencies, forensic parameters, and private alleles obtained from
the Genetic Analysis in Excel (GenAlIEx 6.5) software and the STR Analysis for Forensics
(STRAF-A 2.15), were shown in the tables above. In addition, graphical representations of this
data are provided in the Appendices 55 to 77 for further reference.

The Nigerian dataset comprised 33 alleles across Y-STR loci, with repeat numbers ranging from 8
to 33. Microvariant alleles were identified at the loci DYS458, DYS533, DYS576, and DYS635
among the three ethnic groups, showing varying proportions. Among 167 unrelated males, allele
frequencies for single-copy loci ranged from 0.006 to 0.838, with the highest frequency for allele
10 in the DY S391 marker at 0.838, followed by allele 21 in the DY'S390 marker at 0.766 (see Table
5.1). The allele frequency of the multicopy DYS385 locus, which includes DYS385a and
DYS385b, was analysed as a single marker (DY S385a/b) encapsulating two allelic combinations
(refer to Table 5.2). A total of 47 allelic combinations were identified, featuring 14 different alleles.
Microvariant alleles (14.2 and 16.2) were observed in the DYS385a/b locus. Allele frequencies
ranged from 0.006 to 0.090, with the highest frequency for allele 17,18 at 0.090 (15 counts) and
allele 13,15 at 0.071 (12 counts) (Table 5.2). The DYS385a/b locus was the most polymorphic
(PIC = 96.9%), diverse (GD = 96.9%), and had the highest number of allelic variants (v = 14). It
was followed by DYS570 (PIC = 78.7%, GD = 81.4%, v = 10). The DYS391 locus demonstrated
the highest haplotype match probability (HMP = 71.0%), followed by DY S390 (HMP = 60.4%).
The most discriminative loci were DYS481 and DYS570 (DC = 80.9%), with DYS576 next (DC
=77.4%). Overall, locus DYS385a/b is considered the most informative among the 23 loci studied
(Table 5.3). Conversely, DYS391 was the least polymorphic (PIC = 27.1%), diverse (GD =
28.8%), and discriminatory (DC = 28.6%). DYS385a/b had the lowest Haplotype Match
Probability (HMP = 3.1%), while DYS19 had the fewest allelic variants (v=4) (Table 5.3). The
Haplotype Diversity (HD) for the entire Nigerian population was 99.4%, with a high
Discrimination Capacity of 99.9999% across the 23 loci (Table 5.17). The forensic parameter
values obtained from the Promega PowerPlex® Y23 System Kit indicate a highly diverse dataset.
Every individual in the population possessed a unique haplotype, with no recurrent haplotypes (see

Tables 5.14 to 5.16 for haplotype frequencies).

The Igbo dataset identified 31 distinct alleles, with sizes ranging from 8 to 32. Microvariant alleles
were found at loci DYS533, DYS570, and DYS635. Among the 60 unrelated males, allele
frequencies varied from 0.017 to 0.833, with allele 10 in marker DYS391 having the highest
frequency (0.833), followed by alleles 11 and 14 in markers DY S392 and DY S437 with frequencies

170



of 0.733 (see Table 5.4). The multicopy DYS385a/b marker showed 25 allelic combinations
consisting of 11 different alleles (refer to Table 5.5), including micro variants 14.2 and 16.2. Allele
frequencies ranged from 0.017 to 0.133, with the most frequent being 13,15 at 0.133 (8 counts),
followed by 17,17 at 0.100 (6 counts) (Table 5.5). The DYS385a/b locus was the most polymorphic
(PIC = 82.1%), diverse (GD = 83.5%), and had the highest number of allelic variants (v =11). It
was followed by DYS481 (PIC = 79.9%, GD = 83.0%, v =9). The DYS391 locus exhibited the
highest Haplotype Match Probability (HMP = 71.1%), followed by DYS392 (HMP = 60.9%). The
DYS481 locus had the highest Discrimination Capacity (DC = 82.2%), with DYS458 next (DC =
74.9%). Among the 23 Y-STR loci in the Igbo sub-population, DYS385a/b was the most
informative (Table 5.6). In contrast, the DYS391 locus was the least polymorphic (PIC = 26.7%),
discriminatory (DC = 28.9%), and diverse (GD = 29.4%). The DY S392 locus recorded the lowest
number of allelic variants (v =2). Additionally, the DY S385a/b locus showed the lowest Haplotype
Match Probability (HMP = 3.1%) (Table 5.6). The Igbo subpopulation's Haplotype Diversity (HD)
was 98.3%, and the Discrimination Capacity (DC) across the 23 loci was extremely high, measured
at 99.9999% (Table 5.17). Every individual possessed a unique haplotype, with no recurrent
haplotypes (see Table 5.14 for haplotype frequency).

The Yoruba subpopulation exhibited 26 distinct alleles, ranging from 8 to 33 in size, with no
microvariant alleles identified. Among 55 unrelated males, allele frequencies varied from 0.018 to
0.927. Allele 10 in the DYS391 locus had the highest frequency (0.927), followed by allele 14 in
the DY S437 locus (0.733) (see Table 5.7). The multicopy DYS385a/b locus exhibited 25 allelic
combinations consisting of 12 different alleles (refer to Table 5.8). Allele frequencies ranged from
0.018 to 0.164, with allele combinations 16,17 being the most frequent at 0.164 (9 counts), followed
by allele combinations 17,18 at 0.073 (4 counts) (Table 5.8). The DYS385a/b locus was identified
as the most polymorphic (PIC = 94.6%) and diverse (GD = 95.1%), followed by DYS570 (PIC of
76.3%, GD of 80.7%). The DYS385a/b locus also had the highest number of allelic variants (v =
12), followed by DY S456 and Y-GATA-H4 loci (v = 8). The DYS390 locus showed the highest
Haplotype Match Probability (HMP = 92.9%), followed by the DYS391 locus (HMP = 86.2%)).
The highest Discrimination Capacity was exhibited by DYS570 (DC = 79.3%), followed by
DYS481 (DC =78.0%). The DYS385a/b locus was the most informative among the 23 Y-STR loci
studied in the Yoruba subpopulation. (Table 5.9). Conversely, the DYS390 locus was the least
polymorphic (PIC = 7.0%), discriminatory (DC = 7.1%), and diverse (GD = 7.2%). The DYS391
and DYS392 loci recorded the lowest number of allelic variants (v =2). Additionally, the
DYS385a/b locus had the lowest Haplotype Match Probability (HMP = 4.9%) (Table 5.9). The
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Yoruba subpopulation's Haplotype Diversity (HD) was 98.2%, and the Discrimination Capacity
(DC) across the 23 loci was extremely high, measuring 99.9999% (Table 5.17). Every individual
in the population possessed a unique haplotype with no recurrent haplotypes (see Table 5.15 for

haplotype frequencies).

The analysis of 23 Y-STR loci within the Hausa-Fulani dataset identified 29 distinct alleles, with
sizes ranging from 8 to 33. Microvariant alleles were found at the loci DYS3891, DYS456, and
DYS458. In a survey of 52 unrelated males, allele frequencies varied from 0.019 to 0.750, with
alleles 10 and 21 at loci DYS391 and DY S390 having the highest frequency (0.750), followed by
allele 14 at locus DYS437 (0.654) (see Table 5.10). The multicopy DY S385a/b locus displayed 29
allelic combinations consisting of 11 different alleles (refer to Table 5.11). Allele frequencies
ranged from 0.019 to 0.115. The most frequent allele combination was 17,18 at 0.115 (6 counts),
followed by 17,19 at 0.076 (4 counts) (Table 5.11). Among the loci examined, the DYS385a/b
locus was found to be the most polymorphic (PIC = 95.0%) and diverse (GD = 97.3%), followed
by the DYS570 (PIC = 80.0%, GD = 83.7%). The DYS385a/b locus also had the highest number
of allelic variants (v =11), while the DYS456 and Y-GATA-H4 loci followed (v=9). The DYS391
locus had the highest Haplotype Match Probability (HMP = 58.6%), closely followed by DYS390
(HMP = 58.3%). The highest Discrimination Capacity (DC) was seen in the DYS570 locus (DC =
82.1%), followed by DYS576 (81.0%). Among the 23 Y-STR loci in the Hausa-Fulani
subpopulation, DYS385a/b was the most informative (Table 5.12). In contrast, the DYS391 locus
had the lowest polymorphic (PIC = 38.8%), discriminatory (DC = 41.4%), and gene diversity (GD
=42.2%) values. The DYS19 and DY S392 loci had the fewest number of allelic variants (v = 3),
while the DYS385a/b locus recorded the lowest HMP (4.7%) (Table 5.12). The Hausa-Fulani
subpopulation's Haplotype Diversity (HD) was 98.1%, and the overall discrimination capacity
across the 23 loci was extremely high at 99.9999% (Table 5.17). Every individual in the population
possessed a unique haplotype with no recurrent haplotypes (see Table 5.16 for haplotype

frequency).

Table 5.13 displays the private alleles (PAs) exclusively identified within distinct subpopulations.
A total of 24 PAs were documented from a sample of 167 unrelated males. The Hausa
subpopulation, which consisted of 50 unrelated males, recorded the highest number, with 10 PAs.
The Yoruba and Igbo subpopulations, comprising 60 and 52 unrelated males, identified 8 and 6

PAs, respectively. The Igbo subpopulation recorded the lowest number of private alleles.
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Figure 5.2.  Allelic richness per locus and population for the Igbo (yellow bars), Yoruba (orange bars), Hausa-Fulani (red bars), and the
overall population (purple bars).
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Figure 5.2 shows the allelic richness for each locus and population. Allelic richness refers to how
many distinct alleles are observed at a locus in a population and is used as a descriptive indicator
of genetic diversity rather than for statistical inference. It revealed that the DYS385a/b locus has
the highest allelic richness in the overall population, with counts of 11 and 14 allelic richness. It is
followed by the DY S570 locus, which has a count of 10. This trend is consistent across the three
ethnic groups: the Igbo population exhibits the highest allelic richness at DYS385a/b with counts
of 18 and 19, the Yoruba have counts of 9 and 12, and the Hausa-Fulani display counts of 10 and
11. In contrast, the DYS392 locus demonstrated the lowest allelic richness, with only 3 unique

alleles present in the overall Nigerian population (See Appendix 80 for the raw data).

5.4.3 INTER-SUBPOPULATION RELATIONSHIP

Principal Component Analysis

To investigate the genetic variation among sub-populations in Nigeria based on Y-STR marker
values, PCA was used to assess population differentiation. The dataset includes Y-STR values from
167 Nigerian males, categorized into three ethnic groups: 60 Igbo individuals, 55 Yoruba
individuals, and 52 Hausa-Fulani individuals. Figure 5.3 represents the PCA plot generated in
which each individual is represented by a dot: the Igbo sub-population is depicted with red dots,
the Yoruba with green dots, and the Hausa-Fulani with blue dots. PCA, an unsupervised clustering
technique, effectively reduces the high-dimensional Y-STR data (23 loci per person) into a lower-
dimensional space (PC1 and PC2) while retaining most genetic variation. This analytical process
minimizes the loss of information without requiring prior knowledge about the ancestral origins of
the Nigerian population. Similar samples are expected to cluster in a PCA plot, while dissimilar
samples should be distinctly separated. Y-STRs are transmitted paternally from father to son in a
non-recombinant form. This characteristic provides valuable insights into population structure and
ancestral or historical lineage patterns. The PCA plot illustrates overlapping groups, indicating
shared ancestry or genetic similarity among the Igbo, Yoruba, and Hausa ethnic groups.
Conversely, distinct clusters or individuals indicate variations in chromosomal lineage

distributions.
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Figure 5.3. Result of the Principal Component Analysis (PCA) performed on the
subpopulations of Igho, Yoruba, and Hausa-Fulani. This analysis was conducted using 23 Y-
STR loci from the Promega PowerPlex® Y23 System Kit. In the PCA plot, each point
represents one of the 167 samples obtained from unrelated males within the Nigerian
population.

The PCA plot (Figure 5.3) shows that the Igbo and Yoruba ethnic groups show some overlap,
suggesting a shared ancestry. Additionally, some individuals from the Hausa-Fulani ethnic group
exhibit overlapping paternal ancestry with the Igbos and Yorubas, suggesting historical gene flow.
However, a subset of the Hausa-Fulani individuals is positioned away from the cluster, likely due
to mixed paternal ancestry from genetically distinct lineages within the Hausa and Fulani
populations. While mutations and allelic variation are inherent sources of genetic diversity and may
contribute to minor dispersion, admixture is the primary driver of this separation. This observation
further suggests that the Hausa-Fulani population likely has a history of genetic admixture from
intermarriage between the Hausa and Fulani ethnic groups. Over generations, this blending of
lineages has increased genetic diversity, as seen in the PCA plot, where some individuals stand out
or are grouped differently. Overall, the PCA analysis did not clearly separate the three ethnic groups
based on the Y-STR dataset but revealed patterns in paternal lineage. The overlap between Igbo
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and Yoruba suggests shared ancestry or gene flow. At the same time, the partial separation of some
Hausa-Fulani individuals indicates possible admixture reflecting intermarriage between the Hausa

and Fulani populations.

Neighbour-Joining (NJ)

The Neighbour-Joining (NJ) method was used to visualise the phylogenetic distances between the
three subpopulations, allowing for an assessment of their inter-subpopulation relationships.
Genetically close populations will have closer branches. Genetically distant populations will have
farther branches. The phylogenetic tree was created using data from the pairwise Nei's genetic
distance population matrix of the 23 Y-STR loci from the subpopulations (see Appendix 78). The
result illustrates the genetic distances between the Igbo, Yoruba, and Hausa-Fulani ethnic groups,
as shown in Figure 5.4. Y-STRs were used to examine population-level differences in paternal

genetic structure, highlighting the genetic relatedness and divergence among these groups.

0.019

Igbo
0.023

0.032
0.096 Yoruba

0.079
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0.175

Algeria

0.050

Figure 5.4. Neighbour Joining (NJ) tree constructed from the pairwise Nei Genetic
Distance population matrix, which illustrates the clustering of the Igbo, Yoruba, and Hausa-
Fulani subpopulations with Algeria included as an outgroup. This analysis employed the 23
Y-STR loci obtained from the Promega PowerPlex® Y23 System Kit.

As expected, the Neighbour-Joining (NJ) tree (Figure 5.4) shows that the Yoruba and Igbo ethnic
groups have a low genetic distance, reflected by their short branch lengths, suggesting they are
closely related at the paternal lineage level. In contrast, both the Igbo and Yoruba groups exhibit a

moderate genetic distance from the Hausa-Fulani, indicating more distinct paternal genetic

backgrounds. The genetic distance between the Yoruba and the Hausa-Fulani is slightly lower than
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between the Igbo and the Hausa-Fulani, suggesting differences in their historical paternal

connections.

54  DISCUSSION

Nigeria has a diverse population comprising more than 300 ethnic groups and over 500 languages,
each with its unique customs and traditions (Agbaire and Dunne, 2024). This study assessed the
genetic diversity in Nigeria's multi-ethnic and multicultural population. Some researchers have
studied the genetic diversity of Y-chromosome STR loci among Indigenous ethnic groups in
Nigeria, but none have utilised the Promega PowerPlex® Y23. In ancestry and population genetics,
Y chromosome haplogroups map human migration patterns and establish paternal lineage. They
are also utilised in biogeography to study population movements, as Y-STR analyses provide
insights into human populations. Y-STR analysis has also been employed in genealogical studies,
including surname research and historical investigations, to trace family lineages since all
biological males in a lineage share identical Y-STR haplotype (Forouzesh et al., 2022; Roewer,
2019; Syndercombe, 2021).

To develop a robust and reliable reference database, it is essential to determine how Y-
chromosomal haplotypes are distributed within each population. Generating high-resolution
haplotype data and studying genetic diversity in well-studied populations are essential for
accurately estimating the chances of finding a match when examining Y-STR profiles from
questioned samples in forensic investigations (Gill, 2002; Schneider, 2007). The DYS385a/b locus
exhibited the highest levels of polymorphic information content (PIC) and gene diversity (GD)
among the markers studied. However, it also had the lowest haplotype match probability (HMP)
within the Nigerian population and across the three ethnic groups: Hausa-Fulani, Igbo, and Y oruba.
This low HMP is likely due to it being a multicopy marker with two alleles per individual. This
increases genetic diversity and lowers the probability that unrelated individuals will share the same
haplotype at this locus. The results showing that the DYS385a/b locus has the highest GD are
consistent with findings by Fakorede et al. (2024), who analysed 461 saliva samples from unrelated
Nigerian males, which included 96 Igbos, 139 Hausas, and 226 Yorubas, using the UniQTyper™
Y-10 system that also incorporates the DY S385a/b locus. Furthermore, the DYS481 and DYS570
loci exhibited strong discrimination capacity (DC) throughout the Nigerian population and within
each of the three ethnic groups. The DYS481 locus showed the highest DC for the Igbo
subpopulation, while the DYS570 locus had the highest DC for the Yoruba and Hausa-Fulani
subpopulations. In contrast, the DYS391 locus exhibited the lowest levels of polymorphic
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information content (PIC), gene diversity (GD), discrimination capacity (DC) across the Nigerian
population and in the Igbo and Hausa-Fulani subpopulations. The Yoruba subpopulation, however,
showed the lowest DC for the DYS390 locus. Despite this, the DYS390 and DYS391 loci
demonstrated the highest haplotype match probability (HMP) within the Nigerian population and
the various ethnic groups examined. In the Nigerian dataset, 167 individuals exhibited 167 unique
haplotypes with no shared haplotypes. The overall haplotype diversity (HD) was 0.994, indicating
strong individual discrimination potential. Subpopulations showed similar patterns: the Igbo group
had an HD of 0.983, the Yoruba group 0.982, and the Hausa-Fulani group 0.981, all with zero
unique haplotypes. The low genetic diversity values of DYS390 and DYS391 aligns with the
findings of Martinez et al. (2017), who identified low diversity among the loci DYS390, DYS391,
DYS438, DYS392, DYS437, and DYS533. Martinez et al. (2017) also reported a similar finding
of haplotype diversity of 0.9998, where 140 haplotypes were identified, including two haplotypes
shared by two individuals, indicating that Y-STR markers are very effective for distinguishing

between different individuals when looking at multi-locus haplotypes.

Allelic richness is the number of different alleles found at a genetic locus in a population. It
provides an idea of how variable that location is (Nei, 1987; Hartl and Clark, 2007; Butler, 2015).
In this study, allelic richness differed among various loci and populations, reflecting the known
characteristics of Y-STR markers. The duplicated locus DYS385a/b had the highest allelic
richness, which makes sense because it has multiple copies. On the other hand, the nested loci
DYS389 I and DYS389 II had lower diversity due to sharing a similar repeat structure. Rapidly
mutating Y-STRs like DYS570 and DYS576 showed higher allelic richness in all populations,
highlighting their usefulness in distinguishing Y-STR haplotypes.

According to Shinagawa et al. (2022), rare haplotypes can appear in Y-STR data due to several
factors, such as recent or unique mutations, high genetic diversity stemming from multiple ancestral
lineages or extensive historical migrations, sample size, significant genetic variation, the founder
effect, and population structure. Every participant in this study had a distinct Y-STR profile,
indicating that no two individuals possessed the same Y-STR haplotype. This indicates a very high
level of genetic diversity among the unrelated Nigerian males analysed, with most haplotypes being
rare and found in only one individual (i.e., singletons). Differences in sample composition may
influence the variation in Y-STR haplotype frequencies between Nigerian males sampled in the
United Kingdom and those in Nigeria, as UK-based individuals represent a limited subset of the

broader Nigerian genetic diversity. When specific haplotypes are common in a population, they
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may indicate shared paternal ancestry or genetic relatedness (Jobling and Tyler-Smith, 2003).
However, this study's absence of shared haplotypes shows how effective Y-STR markers are for
identifying individuals. This information can be helpful in forensic and population genetics to
analyse individual identification, conduct kinship analyses, or study genetic relationships or

structures within and between populations (Kayser, 2017).

The NJ and PCA analysis indicate that the Igbo and Yoruba ethnic groups are closely related and
overlap, reflecting some degree of shared paternal ancestry. Conversely, the Hausa-Fulani ethnic
group is more distantly related to the Igbo and Yoruba, suggesting more distinct paternal genetic
backgrounds. The findings of the NJ and PCA are consistent with historical and anthropological
data. The Igbo and Yoruba are speakers of the Niger Congo — Atlantic Congo language, which may
account for some shared paternal ancestry (Hyman ef al., 2019). In contrast, the Hausa-Fulani are
speakers of the Chadic language, which is part of the Afro-Asiatic language family, suggesting a
different migration and paternal ancestry pattern (Newman, 2009). Historically, the Hausa-Fulani
have mixed with Sahelian and North African groups, whereas the Yoruba and Igbo have shared
ancestry specifically within West Africa. It is not surprising to find unique traits among individuals
within sub-populations and ethnic groups. Nigeria's known demographic history shows that certain
ethnic groups are distinct but have overlapping ancestral lineage due to the country's heterogeneous
nature, as this study's findings agree. The NJ and PCA provided valuable forensic insight into the
genetic structure of Igbo, Yoruba, and Hausa-Fulani ethnic groups using the Y-STR markers
generated from the Promega PowerPlex® Y23 System Kit. It demonstrates that the Y-STR markers
can differentiate the Nigerian ethnic groups based on the paternal ancestral lineage. Examining a
male suspect's Y-STR haplotype in forensic investigations can help identify the ancestry by
comparing it to reference haplotypes in global databases, such as the Y Chromosome Haplotype
Reference Database (YHRD). This method helps trace a male's geographic origin linked to crime

scene evidence.

5.5 CONCLUSION

This research highlights the rich genetic information provided by the 23 Y-STR markers in the
Promega PowerPlex® Y23 System Kit. It demonstrates their effectiveness in analysing the
Nigerian population and distinguishing individuals from the Igbo, Yoruba, and Hausa-Fulani ethnic
groups. The 23 Y-STR markers produced informative haplotype frequency data and recorded
highly polymorphic, diverse, and discriminatory alleles. These outcomes can be applied in criminal

investigations, paternity tests, and studies on the demographics and anthropology of the Nigerian
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population. Y-STR analysis is indispensable for determining paternal lineages in forensic
investigations, particularly in cases involving unidentified male individuals, kinship analysis or
paternity testing. By creating a Y-STR haplotype database for specific subpopulations, haplotype

frequencies can be estimated more accurately.

Importantly, Y-STR analysis is particularly valuable in sexual offence investigations, where male
DNA is often present in low quantities or is mixed with an excess of female DNA. In such cases,
autosomal STR analysis may be limited. In contrast, Y-STR typing enables the selective
amplification and identification of male-specific genetic material, facilitating the detection and
interpretation of male profiles in complex DNA mixtures. This makes Y-STR analysis
indispensable for the identification of male contributors in cases involving sexual assault,
unidentified male remains, or disputed paternity. The forensic data generated by this study are
therefore of practical relevance. They should be actively utilised in forensic investigations,
especially given the current challenges related to insecurity and criminal activity in Nigeria.
Establishing subpopulation-specific databases would allow for more accurate estimation of
haplotype frequencies and improve the calculation of match probabilities in forensic casework,

thereby enhancing the reliability and evidential value of Y-STR profiling.

The analysis of an ancestry lineage is essential in applying an investigation lead. Suppose an
unknown Y-STR profile is found during an analysis at a crime scene and is linked to a specific Y-
STR cluster or group. In that case, forensic scientists can infer the suspect's potential ethnic
background by examining the haplotype or utilising the YHRD database. Furthermore, Y-STR
databases and reference populations are essential in forensic comparisons of sexual assault cases,
paternity disputes, and haplogroup analysis. A crucial aspect of the importance of Y-STR databases
and reference populations is the utility of population-specific Y-STR haplotype frequencies. The
outcome of this study reinforces the need for ethnic-specific forensic databases, as the three
Nigerian populations display genetic differentiation, so using a generalised African database might
lead to some match probability errors. Statistical reliability is ensured in a well-curated Nigerian
Y-STR database as the likelihood of an individual or suspect's ancestry can be determined.
However, Y-STR testing alone cannot confirm an individual's identity, as males from the same
paternal lineage will exhibit identical Y-STR haplotypes. It is essential to note that the Y-STR
profile data generated from the Promega PowerPlex Y23 System Kit effectively differentiated the

Nigerian ethnic groups. This outcome will further aid ancestry inference in forensic cases.
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CHAPTER SIX

GLOBAL META-ANALYSIS OF AUTOSOMAL STR AND Y-STR DATASETS

6.1 INTRODUCTION

Understanding genetic structure reveals how genetic variation is distributed among different
populations, how these populations are evolutionarily related, and the degree to which they interact
with each other through gene flow or isolation. (Bossart and Prowell, 1998). Genetic structure
within a population (or "within-population structure") describes the genetic differences among
individuals in a single group. The differences within a population can be affected by several factors.
These include mating patterns, population size, inbreeding, and genetic drift (Hoelzel et al., 2002).
In contrast, the genetic structure among populations (also known as "between-population
structure") expounds on the genetic distinctiveness of different groups. Natural selection, cultural
or language differences, geographic barriers, migration, and gene flow can influence this genetic

distinctiveness (Destro-Bisol et al., 2004; Kohler, 2023).

Analysing the genetic structure within and between populations requires statistical tools such as
Principal Component Analysis (PCA), Wright's F-statistics (Fs7), STRUCTURE, and Analysis of
Molecular Variance (AMOVA). Additional statistical tools used in this field are Neighbour Joining
(NJ), Nei's Genetic Distance, Multi-Dimensional Scaling (MDS), and Slatkin’s R-statistic (Rsr).
Analysis of Molecular Variance (AMOVA) assesses genetic variation across multiple
hierarchical levels of population structure (within populations, among populations, and among
groups of populations). It produces Phi statistics (®-statistics) that help to quantify genetic
differences. AMOVA determines if there is significant genetic differentiation among populations,
indicating potential evolutionary divergence (Li ef al., 2022). Principal Component Analysis
(PCA) is a method employed for dimensionality reduction that recognises linear arrangements of
variables and encapsulates the most data variance, making it more straightforward to visualise
clustering and relationships among individuals or populations and infer population structure and
admixture (mixing) between populations (Elhaik, 2022). STRUCTURE is a model-guided
statistical algorithm that estimates the number of genetic populations (K) and assigns individual
memberships to each of the K populations probabilistically. It determines the genetic composition
of groups by assessing the number of individuals that belong to various genetic groups or
subpopulations. Additionally, STRUCTURE helps detect admixture and ancestral components
within these populations (Pritchard et al., 2000). Wright's F-statistics (Fsr) measures the genetic
differentiation among populations. It calculates the proportion of genetic differences attributed to

variations between populations compared to the total genetic variation resulting from differences
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in allele frequencies. This helps compare pairwise population distances or assess overall population
structure (Wright, 1949). Neighbour-Joining (NJ) is a method that constructs phylogenetic
relationships between populations based on genetic distance metrics, often visualised as an
accurately scaled tree (Tamura et al., 2021). Multi-Dimensional Scaling (MDS) is a technique
that transforms high-dimensional datasets such as genetic distance matrices into low-dimensional
space for visualisation of inter-population relationships, often highlighting clusters and gradients
of genetic similarity while preserving the distances between data points, allowing for visualisation
of population structure (Delicado and Pachon-Garcia, 2024). Nei's Genetic Distance is a statistical
technique that measures genetic divergence between populations based on allele frequency
differences (Kanaka et al., 2023). Slatkin’s R-statistic (Rs7) is a stepwise mutation model-based
equivalent of Fisr that measures of genetic differentiation between populations for microsatellite
(STR) data, particularly useful for Y-STRs and other microsatellites where mutations accumulate

in a stepwise manner (Holsinger and Weir, 2009).

According to extensive anatomical, archaeological, and genetic studies, modern humans (Homo
sapiens) emerged in Africa approximately 200,000 to 300,000 years ago (Schlebusch and
Jakobsson, 2018). Following their emergence, early modern humans gradually dispersed out of
Africa in one or more migration waves, with the most widely supported dispersal event occurring
around 50,000 to 70,000 years ago. This Out of Africa migration led to the colonisation of other
continents (Stringer, 2016; Wang et al., 2021; Guanglin et al., 2023). As these human population
ancestral groups settled in different environments across Europe, Asia, the Americas, and beyond,
population divergence occurred due to genetic drift, local adaptation, and geographic isolation—
resulting in the genetic structure observed today. The signatures of these ancient demographic
events and population movements can still be detected using various molecular markers, including
mitochondrial DNA (mtDNA), single nucleotide polymorphisms (SNPs), Y-chromosomal STRs
(Y-STRs), and autosomal short tandem repeats (STRs) (Excoffier ef al., 1992; Cavalli-Sforza et
al., 1994; Pritchard et al., 2000).

Africa has a rich and complex history of human migration and intermixing, which has shaped the
unique genetic patterns observed in modern populations. The continent is remarkably diverse—
genetically, culturally, and linguistically—and is home to a vast array of ethnic and indigenous
groups (Campbell and Tishkoff, 2008; Lipson et al., 2022). These primary indigenous groups are
divided geographically into two regions: Saharan Africa and Sub-Saharan Africa. Saharan Africa
is a vast desert region spanning much of North Africa, encompassing parts of Algeria, Libya, Egypt,

Mauritania, Mali, Niger, Chad, and Sudan. The five North African countries—Morocco, Algeria,
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Tunisia, Libya, and Egypt—border the Mediterranean Sea, but only their inland areas are part of
the Sahara. Sub-Saharan Africa includes 49 countries south of the Sahara Desert and the
transitional Sahel zone, spanning West, East, Central, and Southern Africa. The Sahara separates
North Africa from Sub-Saharan Africa, highlighting differences in language, religion, history, and
genetics. (Henn ef al., 2012). The Berbers, Nubians, Toubou, Sahrawis, and Zaghawa people are
among the indigenous populations of Saharan Africa who existed before the Arab-Islamic
expansion. Genetic studies of these groups reveal a mixture of ancient North African lineages,
back-migrations from Eurasia, and limited interbreeding with sub-Saharan Africans, particularly
in the southern regions of the Sahara. Although these populations are historically and genetically
distinct from sub-Saharan groups, they are not entirely isolated. Gene flow across the Sahara has
occurred due to trade interactions in the Sahel and the trans-Saharan region (Henn et al., 2012;
Fadhlaoui-Zid ef al., 2013; Salem et al., 2025). Sub-Saharan Africa (SSA) Indigenous groups
include the Bantu, Cushitic, Khoisan, Benue-Congolese, Ethio-Semitic, Gur, Mende, Nilotic, and
Pygmy peoples. Sub-Saharan Africa is characterised by its vast and diverse regions, languages,
cultures, ethnic groups, and genetic backgrounds. Historically, this area has been less influenced
by Arabic-Islamic culture compared to Saharan Africa, although there is some overlap, particularly
in the Sahel region (Campbell and Tishkoff, 2008; Tishkoff et al., 2009). Sub-Saharan Africa is
recognised as the cradle of modern humans due to its high genetic diversity. This diversity comes
from its ancient family lines and the varied histories of its people (Tishkoff et al., 2009). In North
Africa, the genetic landscape is shaped by a mixture of indigenous Berber ancestry, ancient
Eurasian back-migrations, and later Arab expansions following the Islamic conquests starting in
the 7th century CE. These historical events introduced Middle Eastern genetic components into
North African gene pools (Henn ef al., 2012; Arauna et al., 2017). Due to admixture and migration,
North African populations developed unique features that distinguish them from sub-Saharan
Africans in terms of phenotype, culture, and language (Henn et al., 2012). Globally, the
Transatlantic Slave Trade, which occurred from the 15th to the 19th centuries, had a significant
effect on genetic patterns in the Americas. Millions of enslaved Africans, mainly from Central and
West Africa, were taken to the New World against their will. Today, the genetic influence of these
individuals is still evident in Afro-descendant populations across the Caribbean, South America,
and North America, and the Studies of Y-STR and autosomal STR show that these populations
mainly have African ancestry, along with varying amounts of European and Native American
heritage (Salas et al., 2004; Bryc et al., 2010; Schlebusch, and Jakobsson, 2018). These historical
movements have contributed to the complex mosaic of human diversity observable through modern
genomic tools. A breakdown of the Indigenous groups, their features, locations, skin tones, and

examples is presented in Table 6.1.
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Table 6.1.

Summary of the features, locations, skin tones, language family, and ethnic groups of the major indigenous groups in Africa

(Ehret, 1995; Wood et al., 2005; Campbell and Tishkoff, 2008; Tishkoff ez al., 2009; Becker et al., 2011; Henn et al., 2012; Pagani et al., 2012;
Perry et al., 2014; Hollfelder et al., 2017; Fregel et al., 2018; Deubel, 2020)

Indigenous Group

Physical Feature

Region/ Country

Skin Tone

Language Family

Bantu

Berber

be shorter.

Medium to strong facial features.

Medium to tall statue. Slender build.
Varying height with some tending to

Central, East, and
Southern Africa:

DR Congo, Kenya,

Angola, Botswana, Cameroon,

Mozambique, Tanzania, Zambia,

Medium to dark skin.
Some may be lighter

Niger-Congo

Notable Ethnic Group

Kimbundu, Bakongo, Tswana,
Kalanga, Beti, Bulu, Konga,
Luba, Lubya, Meru, Makua,
Sena, Chaga, Haya, Bemba,

Tonga, Shona, Ndebele, Zulu,

Xhosa

Wavy to curly dark hair. Brown or
light eyes.
Medium to tall stature, Broad nose.

Afroasiatic

Mozabite, Siwa Berber, Tunisian
Berber, Kabyle, Riffian, Shilha,
Zayanes, Tuareg, Chaoui.

Benue-Congo
(Non-Bantu)

full lips, kinky hair. Round or oval

Average to athletic body build.
Tall height, slender stature. Narrow

faces, almond-shaped or round eyes.

skin.
Zimbabwe, and South Africa
North Africa: Generally light brown
Algeria, Morocco, Libya, and to olive. Often dark to
Tunisia medium to light skin.
West Africa:

Nigeria, Benin, and Cameroon

Brown to dark skin

Niger-Congo

Igbo, Yoruba, Ebira, Edo, Gwari,
Ibibio, Idoma, Igala, Jukun,

Cushite

faces, long noses, and high
cheekbones. Tightly or loosely
coiled hair texture. Brown to dark
brown eyes. Moderately full lips.

East Africa:
Ethiopia, Somalia, Djibouti,
Eritrea, and Kenya, Sudan

Brown to dark skin
(but not deep black)

Afroasiatic

Nupe, Tiv

Oroma, Somali, Afar, Beja,
Sidama, Agaw, Saho, Burji,
Hadiya

Gur

Short to medium height. Slender and

Medium to tall stature. Strong and

muscular frame. Tightly coiled or

kinky hair. Broad nose, full lips,
oval or rounded face.

West Africa:
Benin, Burkina Faso, Ghana,
Ivory Coast, Mali, Niger, and
Togo,

Medium to dark brown
skin

Niger-Congo

Mossi, Bobo, Lobi, Dagara,
Gurunsi, Bissa, Dagomba,
Mamprusi, Frafra, Dagaaba,
Talensi, Builsa, Gurma, Kotokoli,
Lamba, Biali, Senufo, Koulango,

Khoisan

shaped eyes. Steatopygia, especially

wiry frame build. Tightly coiled
hair, flat broad nose and almond-

women.
Tightly coiled or kinky hair. Broad

Southern Africa:
Botswana, Namibia, South
Africa, and Zambia

Light brown to golden
brown skin

Khoisan

Djimini, Kurumba,

San, Khoikhoi

Mende

Average height, athletic or medium

nose, full lips, oval or round faces.

West Africa:
Guinea, Liberia, Senegal, and
Sierra Leone

build. Brown to dark brown eyes.

Medium to dark brown
skin

Niger-Congo

Mende
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Indigenous Group Physical Feature Region/ Country Skin Tone Language Family Notable Ethnic Group
Exceptionally tall (often 6+feet for
men). Lean, long limb, narrow torso,
(slim body fat percentage). High Central and East Africa: Very dark to deep Nilo-Saharan Dinka, Nuer, Shilluk, Luo.
Nilotes cheekbones, narrow nose, elongated DR Congo, Ethiopia, Kenya, brown skin Maasai, Turkana, Kalenjin, Teso
face. Tightly coiled, short to Tanzania, South Sudan, and
medium length hair. Brown to dark Uganda
brown, almond shaped eye.
Generally tall and lean. High
cheekbones, long narrow noses, oval North Africa: . . .
Nubian faces. Curly to coiled, medium to Southern Egypt, and North Medium to dark brown Nilo-Saharan Nobiin, Dc?ngolaw1, Halfa\yeln,
dark hair. Almond-shaped, dark Sudan skin Mahas, Midob, Kenzi, Fadicca
brown eyes.
Short stature (adults average 4’11 to Central Africa:
5’1 in height) — biologically Burundi, Cameroon, Central
Pygmy adaptation for hunting in rainforest African Republic, Democratic Dark brown to deep Niger-Congo Asua, Mbuti, Twa, Baka, Bakola,
environment. Lean and compact Republic of Congo, Congo- black skin Nilo-Saharan Bedzam, Babongo, Batwa
body build. Broad noses, full lips Brazzaville, Gabon, Rwanda,
and round faces. and Uganda
b\lNaI\(/}III apd curlly, dark blrovst{n or North Africa:
Sahrawis hi a}<1: Ch:elf(' l())o \;aestoairﬁlgsr ne;cseess,. Western Saha.ra, Southern. Light brown to dark Afroasiatic Sahrawis
gh e ’ g Morocco, Algeria, Mauritania, brown skin
Medium to tall statue. Brown to Northern Mali
dark brown eyes.
Medium height, slender to average
stature. Oval or narrow face, high ) Light brown to
Semite cheekbones, pointed nose. Curly to I.-Imjn of Africa: i medium brown skin Afroasiatic
coiled hairs with looser textures. Ethiopia, and Somalia,

Brown to dark eyes. Moderate to

Table 6.1. continued

full lips.

(some with olive
undertone).

Ambhara, Tigrayans, Tigrinya,
Tigre, Gurage, Harari, Argobba
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The language families in Africa correspond to significant Indigenous population groupings.
However, factors such as historical migrations, cultural changes, assimilation, and language shifts
have added complexity to the distribution of languages. As a result, there are exceptions and

overlaps, making languages practical but not definitive indicators for identifying indigenous groups

in Africa (Campbell and Tishkoff, 2008; Tishkoff et al., 2009).

Africa has four prominent language families, each with various subgroups: 1. Afroasiatic: This
family includes Semitic, Cushitic, Chadic, Berber, Egyptian (extinct), and Omotic languages
(Frajzyngier and Shay, 2019). 2. Khoisan: Comprising Khoe, Tuu, Kx'a, Hadza, and Sandawe
languages (Giildemann, 2014). 3. Niger-Congo: The largest and most diverse family, including
Atlantic, Mende, Gur (Voltaic), Kwa, Volta-Niger (East Kwa), Benue-Congo, Bantu, Adamawa-
Ubangi, Kordofanian, [joid, and Dogon languages (Williamson and Blench, 2000). 4. Nilo-
Saharan: Encompasses the Nilotic, eastern Sudanic, central Sudanic, Saharan, Fur, and Songhay

languages (Bender, 2000).

Among these language families, the Niger-Congo is the most diverse, with over 1,500 languages
spoken by more than 500 million people across West, Central, East, and Southern Africa (Good,
2017; Heine and Nurse, 2000). The Afroasiatic language family follows next, comprising over 300
languages spoken by more than 350 million people in the Horn of Africa and North Africa
(Hayward, 2000). The Nilo-Saharan family comes next, with over 200 languages spoken by more
than 60 million people (Dimmendaal, 2008). Finally, the Khoisan family is the least diverse,
featuring fewer than 40 languages spoken by over 300,000 people. It is also Africa's smallest and

most endangered language family (Vossen, 2013).

6.2 AIM AND OBJETIVES

This investigation aims to analyse the genetic connections between the Nigerian population and
diverse populations worldwide, utilising autosomal STR (Short Tandem Repeat) and Y-STR data.
It is noteworthy that a comprehensive assessment comparing the Nigerian population with other
groups from South America, North America, Europe, Asia, and Africa has not been undertaken to

this extent previously.

The specific objectives for the work detailed in this chapter are as follows:
1. To examine how the Nigerian population differs from other populations worldwide using

autosomal STR data with STRUCTURE analysis.
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2. To calculate the genetic divergence and differentiation of the autosomal STR using Nei's genetic
distance and Fsrbased genetic distance method, respectively.

3. To assess the genetic differentiation of Y-STR data among populations using Slatkin’s Rsr based
genetic distance method.

4. To conduct a comparison of the Nigerian population with other populations using Multi-
Dimensional Scaling (MDS) analysis based on autosomal STR and Y-STR data.

5. To analyse and visualise the relationships between the Nigerian population and other global
populations using Neighbour-Joining (NJ) analysis based on autosomal STR and Y-STR data.

6. To quantify and partition genetic variation within and among populations in the autosomal STR

and Y-STR datasets using AMOVA, and to assess their genetic structure and differentiation.

6.3 METHODOLOGY

Chapters 3-5 reported autosomal STR data obtained from 303 unrelated Nigerian individuals and
Y-STR data from 167 unrelated Nigerian males. These findings were compared with corresponding
autosomal STR data from 7,361 unrelated individuals (males and females), bringing the total
number of unrelated individuals to 7,664. Additionally, haplotype data from 7,181 males
contributed to a total of 7,348 participants with Y chromosomes in unrelated population samples

from various regions around the world, including South America, North America, Europe, Asia,

and Africa

6.3.1 DATASET COLLECTION

Autosomal STR Datasets

The autosomal STR datasets were sourced from the supplementary materials of previously
published studies. The sampled population from Nigeria was compared with 22 reference
populations, resulting in 23 population groups from 20 countries across five continents. Each
country was represented as a single population group, except for the USA, which had four
population groups. Table 6.2 summarizes this information, including the population, assigned

code, size, continent, and source.

Y-STR Datasets

The Y-STR datasets utilized in this research were obtained from the supplementary materials of
previously published research. The sampled population from Nigeria, including the Igbo, Yoruba,
and Hausa-Fulani ethnic groups, was compared with 47 reference populations, resulting in 50

population groups from 36 countries across 12 geopolitical regions and five continents. Each
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population group was categorized based on its association with specific ethnolinguistic groups.
Table 6.3 summarises this information, including the population, language family, assigned code,

size, ethnicity, continent, geopolitical region, and source.

Table 6.2. Size and continent, assigned code and source of each population sample for
the autosomal STR datasets

Population Assigned Code | Size Continent Source
1 Nigeria NIG 303 Present study
2 Egypt EGY 265 AbdEl-Hafez et al., 2019
3 Ghana GHA 109 Kofi et al., 2020
4 Morocco MOR 239 Africa Mertens et al., 2011
5 Mozambique MOZ 160 Semo et al., 2017
6 Somalia SOM 404 Tillmar et al., 2009
7 Bahrain BAH 543 Al-Snan et al., 2019
8 China CHI 200
9 India IND 200 Rashid et al., 2020
10 Laos LAO 451 Asia Than et al., 2022
11 Malaysia MAL 200 Rashid et al., 2020
12 Saudi Arabia S-ARA 500 Alsafiah et al., 2017
13 Thailand THA 334 Than et al., 2022
14 Italy ITA 441 Brisighelli et al., 2009
- Europe -
15 Spain SPA 496 Barrio et al., 2019
16 Honduras HON 174 Herrera-Paz et al., 2008
17 Mexico MEX 500 Rubi-Castellanos et al., 2009
18 | USA-African American U-AFM 340
North America
19 USA-Asian U-ASI 97
Hill et al., 2013
20 USA-Caucasian U-CAU 361
21 USA-Hispanic U-HIS 236
22 Brazil BRA 494 Rodrigues et al., 2009
. South America .
23 Colombia COL 617 Sanchez-Diz et al., 2009
- TOTAL - 7,664 - -
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Table 6.3. Size and continent, assigned code and source of each population sample for the Y-STR datasets
Population/ Country Language Family | Assigned Code Ethnic Group Size | Geopolitical Region | Continent Source
1 Niger Congo-Igbo NIG-IB Igbo 60
2 Nigeria Niger Congo-Yoruba NIG-YO Yoruba 55 Present study
3 Afroasiatic NIG-HF Hausa-Fulani 52
4 Niger Congo-Atlantic BEN-AC Fon, Yoruba.B 138
Benin Fortes-Lima et al. 2015
5 BEN-M Bariba 58
Niger Congo-Mende Bissa, Marka, Samo 153 West Africa
6 BF-M North, Samo South,
Burkina Faso Kassana, Lyela, De Filippo et al., 2011
7 Niger Congo-Gur BF-G Mosi, Nuna, Pana, 183 .
Samoya Africa
8 Niger Congo-Atlantic IVC-AC Ahizi 49
Ivory Coast Fortes-Lima et al., 2015
9 IVC-M Yacouba 41
Niger Congo-Mende
10 Senegal SEN-M Mandenka 15
AngOtherBantu,
) Ganguela,
11 Angola Bantu West ANG-B NyanekaNkhumbi, 230
Umbunda De Filippo et al., 2011
12 Niger Congo-Pygmy CAM-P Baka CAM, Bakola 27 Central Africa
Cameroon
13 Bantu West CAM-B Fang, Ngumba 28
14 Central African Republic Pygmy CAR-P Biaka 23
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Population/ Country Language Family | Assigned Code Ethnic Group Size | Geopolitical Region | Continent Source
15 Bantu West DRC-B Mbala, Mbuun, Pende, 52
. . Yansi
Democratic Republic Congo

16 Nilotic Pygmy DRC-P Mbutu 11

Akele, Ateke, Bekwill,

Benga, Duma, Eshiva,

Eviya, Fang, Galoa, Central Africa De Filippo et al., 2011
Kota, Makina,
Bantu West GAB-B Mbaouin, Ndumu, 795

17 Gabon Nzebi, Obamba,

Okande, Orungu, Punu,

Shake, Tsogo
18 Pygmy West GAB-P Baka-GAB 33
19 Ethiopia Afroasiatic ETH-AA OmoValley 70 Africa Haddish et al., 2022
20 Bantu West KEN-B BantuKenya 10
21 Kenya Nilotic KEN-NS Maasai 51
22 Afroasiatic TZ-AA Burunge, WaFiome 23
23 Nilotic TZ-NS Datogo 31 East Africa De Filippo et al., 2011
Tanzania -
24 Khoisan TZ-K Hadza, Sandawe 121
25 Bantu East TZ-B Mbugwe, Sukuma,Turu 64
26 Uganda Nilotic UGA-NS KarimojongJieDodos 118
27 Algeria ALG-AA Mozabite 20
Afroasiatic i

28 Libya LIB-AA Arabs, Berbers 142 North Africa Triki-Fendri et al., 2013

Table 6.3. continued
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Population/ Country | Language Family | Assigned Code Ethnic Group Size | Geopolitical Region | Continent Source
29 Botswana Bantu East BOT-B Kalanga, Tswana 38 De Filippo et al., 2011
30 Namibia Khoisan NAM-K San 6
31 South Africa SA-B BantuSouth 269 Leat et al., 2007
Bantu East
32 ZAE-B Bisa, Kunda 69
Aushi, Bemba, Chewa,
Chokwe, Few,
Kangala, Kwamashi,
Lala, Lenje, Lozi, Southern Africa Africa
Luchazi, Lunda,
Luvale, Luyana De Filippo et al., 2011
33 Zambia Bantu West ZAW-B Kaonde, Mambwe, |7
Mbukushu, Mbunda,
Ngoni, Nkoya, Nsenga,
Nyengo, Shanjo,
Subiya, Tebele, Tonga,
Totela, Tumbuka,
Tswana, Umbundu,
Yeyi
34 China Sino-Tibetan CHI Han Chinese 246 East Asia Purps et al., 2014
35 Iraq IRQ Iraqi Arab 124 Taqi et al., 2015
36 Israel ISR Israeli Arab 154 Fernandes et al., 2011
37 Kuwait Afroasiatic-Semitic KUW Kuwaiti Arab 249 Middle East Asia Asia
38 Lebanon LEB Lebanese Arab 505 Taqi et al., 2015
39 United Arab Emirates UAE Emirati Arab 278

Table 6.3. continued

191



Population/ Country Language Family Assigned Code | Ethnic Group Size | Geopolitical Region Continent Source
40 India Dravidian IND Tamil-South India | 126 South Asia Purps et al., 2014
41 Philippine Austronesian PHP Filipino 629 Southeast Asia Asia Taqi et al., 2015
42 Italy Indo-European (Italian) ITA Italian 157
. . - Southern Europe
43 Spain Indo-European (Spanish) SPA Spanish 126
44 Germany Indo-European (German) GER German 131 Europe
45 United Kingdom UK-BW British-White 161 Western Europe
46 United Kingdom Indo-European (English) UK-BA British-Black 171 Purps et al., 2014
47 | United States of America US-AA African American | 509 United States
North America
48 Jamaica Jamaican Patois JAM Afro-Jamaican 66 Caribbean
49 Brazil Indo-European (Portuguese) BRA Mixed Brazilian 120
Latin America South America
50 Peru Indo-European (Spanish) PER Mixed Peruvian 83
- TOTAL - - - 7,348 - - -

Table 6.3. continued
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6.3.2 INTER-POPULATION GENETIC ANALYSIS

The statistical and inter-population genetic analysis for the autosomal STR datasets was conducted
using 13 autosomal STR loci that were common to the compiled datasets: THO1, D3S1358, vWA,
D21S11, D16S539, D8S1179, D18S51, FGA, CSF1PO, TPOX, D5S818, D13S317, and D7S820.
These were analysed across 23 globally distributed populations, as listed in Table 6.2. Regarding
the Y-STR datasets, the statistical and inter-population genetic analysis utilized 12 Y-STR loci:
DYS19, DYS385a, DYS385b, DYS3891, DYS389II, DYS390, DYS391, DYS392, DYS393,
DYS437, DYS438, and DYS439. This analysis was performed across 50 globally distributed

populations, as shown in Table 6.3.

Wright's F-statistics (Fsr)

The Genetic Analysis in Excel (GenAIEx 6.5) platform, developed by Peakall and Smouse (2006,
2012), was used to calculate Wright's Fs7 to assess the genetic structure on a global level, showing
how much genetic variation exists between different populations compared to within populations.
Fsraims to investigate inter-population relationships between the Nigerian population and various
population groups worldwide based on the formula below (Weir and Cockerham, 1984; Weir,
1996):

Fsr = Hr = Hs H_,] _HH
Where Hr represents the variation within the total population (the total expected heterozygosity if
all subpopulations were combined). In contrast, Hs represents the variation within subpopulations
(the average expected heterozygosity across all subpopulations). In this context, the different
population groups from various regions served as the subpopulations alongside the Nigerian
population. Fis7 was used to measure the degree of distinctiveness between these population groups
based solely on autosomal STR data. It examines how heterozygosity decreases due to population
structure, with values ranging from 0 to 1; 0 signifies no genetic divergence between populations,

and 1 represents complete genetic separation.

In a global context, Fisr is interpreted as follows:

<0.05 = Low genetic divergence
0.05-0.15 = Moderate genetic divergence
0.15-025 = High genetic divergence
>0.25 = Very high genetic divergence

The Python program with Matplotilib and Seaborn libraries (Python Software Foundation, 2024;

Hunter, 2007; Waskom, 2021) was also utilized to visualize Fsrin the form of heat maps.
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Nei’s Genetic Distance

The Genetic Analysis in Excel (GenAIEx 6.5) platform (Peakall and Smouse, 2006; 2012), was
also utilized to generate pairwise matrices for both Nei’s genetic distance and Nei’s genetic
identity. Nei’s genetic distance was used to measure genetic divergence between the Nigerian
population and the various population groups around the world, following the formula provided by
Nei (1972; 1987):

D =—In(J)
Where D represents Nei’s genetic distance, while 7 represents Nei’s genetic identity between two

populations calculated as:

¥ — mei'pyi
\/Zpiz : ZPZz

Where Pxi is the frequency of allele i in population X, while Pyi is the frequency allele i in
population Y. Nei’s genetic distance was used to assess the genetic level among these different
population groups based solely on the autosomal STR datasets. It measures population structure,
with values (D) ranging from 0 to 1; 0 indicates no shared alleles between populations, while 1

indicates populations are genetically identical.

In a global context, Nei’s genetic distance is interpreted as follows:

<0.01 = Populations are genetically identical
0.01-0.05 = Very closely related

0.05-0.15 = Moderately related

0.15-0.25 = Distantly related

>0.25 = Very divergent

Slatkin’s R-statistic (Rs7)

Arlequin version 3.5 software (Excoffier and Lischer, 2010) was employed to calculate Slatkin's
R-statistic (Rs7) to evaluate the global genetic divergence between the Nigerian population and
various population groups, as well as to assess the amount of genetic variation between populations
versus within them. Rsris comparable to Fs7 but is specifically designed to account for the stepwise
mutation model (SMM), which is appropriate for STRs. The calculation was performed based on

the formula below (Slatkin, 1995):

Va
Rsr = v,
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Where V, represents the variance among populations (i.e., the between-population component of
allele size variance), and V; represents the total variance (i.e., within and between population
variance). This study used Rsr to analyse solely the Y-STR datasets because Y-STR alleles are
assumed to mutate by gaining or losing repeat units’ step by step. Rsr evaluates population
structure, with values ranging from 0 to 1; 0 indicates no genetic divergence between populations,

while 1 indicates complete genetic divergence.

In a global context, Rsr is interpreted as follows:
<0.05 = No genetic divergence
0.05-0.15
>0.15

Moderate genetic divergence

High genetic divergence

Multi-Dimensional Scaling (MDS)

This is a statistical tool for visualising genetic structure (similarity or dissimilarity between
datasets). It reveals clusters of related populations, patterns of gene flow and identifies outliers or
hybrid populations by projecting populations or individuals into a low-dimensional space, allowing
for clearer representation of genetic distances between them (Saeed et al., 2018). To determine the
differentiation and structure among populations for the Multi-Dimensional Scaling (MDS) scatter
plot, the Python program leveraging the Matplotilib, Pandas, and NumPy libraries was utilised
(Python Software Foundation, 2024; Hunter, 2007; McKinney, 2010; Harris et al., 2020). MDS
uses a matrix of pairwise distances (e.g., genetic distances like Nei's or Rs7) to represent each
population as a point on a plot. The closer the two points are to one another, the more genetically
similar the populations are. Conversely, populations farther apart on the plot are more genetically
distinct. To perform multivariate analysis for the inter-population relationships, the autosomal STR
dataset was evaluated using the pairwise unbiased Nei’s genetic distance matrix for the 24
population groups included in this study. In contrast, the Y-STR datasets were assessed using the
pairwise unbiased Rsr genetic distance matrix for the 50 population groups compiled for this
research. The parameters involved comparing the MDS Dimension 1, which captures the highest
variance on the X-axis and the MDS Dimension 2, which reports the second highest variance on

the Y-axis. This format provides the best low-dimensional plot of the data.

Neighbour-Joining (NJ) Analysis
Molecular Evolutionary Genetics Analysis (MEGA-11) software (Tamura et al., 2021) was

employed to conduct a Neighbour-Joining analysis of the population groups evaluated in this study.
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This analysis evaluated the phylogenetic relatedness among these population groups based on the
assembled 23 population groups of the autosomal STR dataset and the compiled 50 population
groups of the Y-STR datasets. The Neighbour-Joining tree for the autosomal STR datasets was
constructed based on the pairwise matrix of unbiased Nei’s genetic distance for the 24 population
groups. In contrast, the Neighbour-Joining tree for the Y-STR datasets was constructed utilising
the pairwise matrix of unbiased Rsr unbiased genetic distance for the 50 population groups. The
Neighbour-Joining tree illustrated the population clusters and evolutionary inter-population

relationships among the groups.

Analysis of Molecular Variance (AMOVA)

Arlequin version 3.5 software (Excoffier and Lischer, 2010) was employed to perform an Analysis
of Molecular Variance (AMOVA). This statistical approach partitions genetic differences within
and among populations by analysing molecular data based on genotypes from the autosomal STR
datasets and the haplotype data from the Y-STR datasets. The Phi statistics (®-statistics) produced
in the analysis quantified genetic structure and differences and assessed potential evolutionary

divergence. Statistical significance was also evaluated through P-value calculations.

Population Structure Analysis

STRUCTURE software version 2.3.4 was employed to analyse the structure of different
populations. This program utilises a Bayesian inference-based clustering technique to impute
individuals to genetic groups based on their genotypes, using multi-locus genotype data from our
sample set (Pritchard ef al., 2000). The data was organised into groups representing the 23 global
population groups in the autosomal STR datasets. To effectively assess the STRUCTURE output
using the Structure Selector (Evanno ef al., 2005) and CLUMPAK (Clustering Markov Packager
Across K) (Kopelman et al., 2015) online tools, the total population of 7,664 unrelated individuals
was reduced proportionately to 5,000. This adjustment was necessary because 5,000 is the
maximum number of individuals the software can analyse simultaneously. The population sizes for
the various groups are as follows: Nigeria: 252, Ghana: 109, Morocco: 239, Egypt: 241,
Mozambique: 160, Somalia: 241, US African American: 241, US Caucasian: 241, USA Hispanic:
241, USA Asian: 97, Brazil: 241, Mexico: 241, Honduras: 174, Colombia: 241, Malaysia: 200,
China: 200, India: 200, Bahrain: 241, Laos: 241, Saudi Arabia: 241, Thailand: 241, Italy: 241, and
Spain: 241. This totals 5,000 unrelated individuals. STRUCTURE software evaluated various
potential population sizes (K) to estimate the proportion of each individual's genome derived from

the defined populations. The analysis tested K values ranging from 1 to 25 and was set to repeat
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ten times for each K. The parameters for the study were: number of individuals = 5,000, ploidy =
2, and number of loci = 13, with missing values coded as -9. The burn-in period was set to 50,000
iterations, followed by a Markov Chain Monte Carlo (MCMC) iteration of 200,000. To evaluate
the likelihood of the observed data (X) for different K values, posterior probabilities were
calculated for each K using the Structure Selector software and the results with bar plots generated
by CLUMPAK. The highest Ln P(X | K) value indicated the appropriate number of clusters (K).
Additionally, the maximum rate of change (Delta K) in Ln P(X | K) values between consecutive K

estimates assisted in determining the optimal number of genetic clusters within the dataset.

6.4  RESULTS

6.4.1 AUTOSOMAL STR INTER-POPULATION GENETICS

To demonstrate the genetic relationship between Nigeria and various previously reported global
populations, pairwise Fsr genetic analyses, Multi-Dimensional Scaling (MDS), Neighbour-Joining
(NJ), and Analysis of Molecular Variance (AMOVA) were conducted. These analyses were based
on the 13 autosomal STR loci the Nigerian population dataset shares with the 22 global population
group datasets listed in Table 6.2.

F-statistics (Fs7) Genetic Distance

The heatmap in Figure 6.1 shows the genetic differentiation between Nigeria and other global
populations based on pairwise population Fsr values. The colour intensity corresponds to the Fsr
values detailed in Appendix 81. Darker blue shades indicate higher Fsr values, implying more
genetic differences. Lighter blue shades indicate lower Fsr values, suggesting more genetic
similarity. Nigeria and Ghana exhibit very low genetic differentiation (Fsr = 0.002), which is
understandable given their close geographical closeness and shared cultural and religious
connection in West Africa. Similarly, Nigeria and African Americans in the US show a comparable
low level of genetic divergence (Fsr = 0.002). This aligns with many African Americans' ancestral
roots in West Africa, including Nigeria and Ghana. This also suggests an ancestral link to Africa,
likely from the Transatlantic Slave Trade that began in West Africa. Nigeria exhibited moderate
genetic differentiation from Mozambique (Fsr = 0.005) and Somalia (Fsr = 0.008), which are sub-
Saharan African populations located in Southern and East Africa, respectively. Egypt (Fsr=0.012)
and Morocco (Fsr=0.013) in North Africa exhibited moderate genetic differentiation from Nigeria,
suggesting some genetic distinctiveness. This pattern shows how North Africa and Sub-Saharan

Africa have been separated historically and geographically.
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Figure 6.1. Heatmap displaying the pairwise Fsr-based genetic distance matrix among
global population groups based on the genotypes of 13 autosomal STR markers collected
from 7,664 individuals across 23 population groups. The colour intensity corresponds to the
Fsr values, which can be found in Appendix 81.

Beyond Africa, the Nigerian population exhibited moderate to very high genetic differentiation
compared to other populations. Nigerians are genetically closer to the Honduran population (Fsr=
0.006) in Central America (subregion in North American continent) than to North African countries
like Morocco, Egypt, and Libya. This shows a genetic link between some North American people
and populations in West Africa, especially Ghana and Nigeria. This connection demonstrates
evidence of historical migration from Africa to America. In South America, Brazil's genetic
distance from Nigeria is moderate (Fis7 = 0.011), while Colombia (Fs7=0.019) and Mexico (Fsr =
0.025) show high genetic differentiation. In Asia, Middle Eastern countries such as Bahrain (Fsr =
0.011) and Saudi Arabia (Fsr = 0.014) display moderate genetic differentiation from Nigeria. In
contrast, populations from other regions in Asia, including China (Fsr= 0.026), India (Fsr= 0.025),
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Laos (Fsr= 0.027), Malaysia (Fsr = 0.022), and Thailand (Fsr = 0.023), demonstrate high to very
high genetic divergence from Nigeria. In Europe, Italy and Spain show moderate genetic
differentiation from Nigeria, with Fis7values of 0.016 and 0.017, respectively. These values indicate
that most genetic variation (~98%) occurs within populations, while only a small fraction (~1.6—
1.7%) distinguishes the populations. In the United States, Caucasians show a moderate genetic
distance from Nigeria, with an Fsr value of 0.018, comparable to their European counterparts.
Meanwhile, Hispanics have an Fsr value of 0.015. The Asian populations in the U.S. (Fsr= 0.025)

display high genetic differences, corresponding closely to those of various populations in Asia.

Multi-Dimensional Scaling (MDS)

The Multi-Dimensional Scaling (MDS) analysis was conducted using pairwise unbiased Nei’s
genetic distance matrix values (see Appendix 88), derived from 13 autosomal STR loci across 24
population groups representing South America, North America, Europe, Asia, and Africa. The two-
dimensional MDS plot (Figure 6.2) showed apparent genetic differences and regional group

patterns.

The populations of Africa are shown as red dots in the MDS plot. Nigeria (NIG) and Ghana (GHA)
have a close genetic similarity. This similarity shows their geographic and historical connections
in West Africa. Although geographically distant in East and Southern Africa, Somalia (SOM) and
Mozambique (MOZ) are somewhat separated from West African groups, suggesting subtle genetic
differentiation. Morocco (MOR) and Egypt (EGY) are more peripheral among Africans, which
aligns with their North African origin and intermediate genetic profiles between Sub-Saharan
Africa and Europe/Asia. Egypt (EGY) is positioned between African and Middle Eastern/European
groups. It is not closely clustered with Sub-Saharan African populations like Nigeria, Ghana, or
Mozambique. Egypt is genetically closer to Morocco and Middle Eastern populations than to

populations like Nigeria or Somalia.

The South American populations were represented as blue dots. Brazil (BRA), and Colombia
(COL), are closer to the US Hispanics (U-HIS). Mexico (MEX), which is geographically located
in North America is closer Colombia and US-Hispanics indicating genetic similarity between Latin

American and Hispanic populations.
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Figure 6.2. A two-dimensional MDS plot visualising genetic distances among 23 global populations based on 13 autosomal STR loci using the
Nei’s genetic distance matrix. The populations are colour-coded by their respective continental regions. Dimension 1 (y-axis) likely reflects the
broad continental structure and significant genetic divide, like those between Africa, Asia, and Europe. Dimension 2 (x-axis) captures admixture
patterns, and within-continent variation.
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Honduras (HON), located in Central America, a subregion of the North American continent,
represents the Garifuna population living along the Caribbean coast in this study. Although the
Garifuna may share some genetic features with other Latin American populations, they show a
closer genetic relationship to African populations, particularly West African groups such as Nigeria
(NIG) and Ghana (GHA). This pattern reflects their predominantly African ancestry, originating in

the transatlantic African diaspora and subsequent historical admixture.

The Asian populations, represented by orange dots, form a broad cluster indicating intra-regional
diversity yet general separation from the African (sub-Saharan) cluster. Bahrain (BAH) and Saudi
Arabia (S-ARA) in the Middle East cluster close to European and North African populations. China
(CHI), Malaysia (MAL), Laos (LAO), and Thailand (THA) form a distinct cluster. India (IND) is
slightly offset but remains closely grouped to the Asian cluster. Italy (ITA) and Spain (SPA) are
part of the European populations, shown in green. As expected, they form a close group of
European populations with similar demographic histories. Italy and Spain's populations also cluster
near Middle Eastern and Latin American populations, reflecting geographic continuity with the
Middle East and historical gene flow across the Mediterranean. The closeness to Latin American
populations reflects colonial migrations from Europe to South America. The population groups in
North America are represented by purple dots and include US African Americans (U-AFM), US
Caucasians (U-CAU), US Asians (U-ASI), and US Hispanics (U-HIS). As expected, the US
population is diverse, with different ethnic groups that show various backgrounds and genetic traits.
African Americans (U-AFM) tend to cluster closer to the African population group. Asians in the
US are genetically similar to the larger Asian population. At the same time, the US Caucasians (U-
CAU) and the US Hispanics (U-HIS) are closer to the European groups and the Latin American

groups.

Neighbour-Joining (NJ)

The Neighbour-Joining (NJ) method was employed to visualise the phylogenetic distances among
the 23 population groups. Genetically close populations will have closer branches. Genetically
distant populations will have farther branches. The construction of the phylogenetic tree was
performed using data from the pairwise unbiased Nei’s genetic distance matrix values (see
Appendix 82), which was calculated based on 13 autosomal STR loci. The results demonstrate the

genetic distances and regional group patterns, as displayed in Figure 6.3.
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Figure 6.3. Neighbour Joining (NJ) tree constructed from pairwise unbiased Nei’s
unbiased genetic distance population matrix, illustrating the clustering of 23 global
population groups. The populations are colour-coded by their respective continental regions,
with branch lengths representing genetic distances.
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As anticipated, Nigeria and Ghana are closely clustered, showing significant genetic similarity
between these West African populations. Mozambique is in East Africa but is also linked to Nigeria
and Ghana, which shows a genetic connection among the people in sub-Saharan Africa. Honduras
is close to this group because of African ancestry from historical migration, which greatly

influenced the genetic makeup of Afro-Caribbean and Latin American populations.

Similarly, US African American populations are closely clustered with the African region,
indicating significant African ancestry. Sub-Saharan African countries such as Nigeria, Ghana,
Mozambique, and Somalia form a clear cluster due to their shared evolutionary history. Honduras,
which is mainly comprised of the Garifuna people who live on the Caribbean coast, also fall within
this African group, reflecting their African roots and historical background. In contrast, North
African populations, such as those from Egypt and Morocco, group more closely with Middle
Eastern populations like Saudi Arabia and Bahrain, forming a Middle East—North Africa (MENA)
grouping. This pattern suggests shared ancestry and historical connections between North Africa

and the Arabian Peninsula.

Saudi Arabia and Bahrain are closely clustered, showing they share significant genetic similarities
as part of the Middle Eastern Asia block. China, India, Malaysia, Laos, and Thailand formed
distinct Asian subclusters with US Asian individuals grouping with East and Southeast Asian
reference populations. Additionally, China and Laos are closely associated, which aligns with their

shared East Asian autosomal ancestry.

Spain, Italy, Brazil, and US Caucasian form a close European cluster, reflecting shared Western
European ancestry. Brazil is grouped closely with Italy, likely due to the predominance of Southern
European male ancestry from colonisers and immigrants. US Hispanics, Mexico, and Colombia
form a compact cluster with European groups, reflecting their tri-hybrid ancestry (European, Native

American, and African) but driven mainly by European autosomal components.

Analysis of Molecular Variance (AMOVA)

AMOVA was performed to partition genetic variation across three hierarchical levels: first, among
the five continental regions, which included South America, North America, Europe, Asia, and
Africa; second, among populations within those regions, represented by 23 distinct global

population groups (see Table 6.2); and third, within populations, comprising a total of 7,664
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unrelated individuals distributed across each of the population groups. Table 6.4 summarises the

result of the AMOV A analysis, while Table 6.5 displays the Phi statistic (®-statistics) and p-values.

Table 6.4. Summary of AMOVA for 13 autosomal STR loci across 23 global populations
involving 7,664 unrelated individuals grouped into five continental regions

Source of Degrees of  Sum of Variance % Variation Interpretation

Variation freedom (df) Squares Components

Low genetic
Among differentiation among
Regions 4 S3L18 0.0693 0.667 continental regions

(e.g., Africa vs. Asia).

Low genetic
differentiation among

Amon.g populations within
Populations 18 1019.95 0.1331 1.281 continental regions but
within regions statistically significant

(e.g., Nigeria vs. Ghana).

High genetic
differentiation among
individuals within
populations.

Within
Populations 7,641 78063.5 10.1871 98.052

7,663 79614.7 10.3895 100

The result (Table 6.4) showed that most genetic variation (98.05%) is due to individual differences.

(e.g. Nigerian individuals)

This high level of variability is attributed to the highly polymorphic and informative characteristics
of autosomal STR markers. In contrast, only 0.67% of the genetic variation is accounted for by
differences between continental regions, which result from shared ancestry and admixture within
these regions despite their geographic distances (for example, between Africa, North America, and
South America). However, the significant AMOVA result shows that continental regions are still
genetically distinguishable. Only 1.28% of the differences among populations occur within the
same region. Factors like gene flow, past migrations, cultural practices, and geographical closeness
likely cause these differences. These findings demonstrate strong population structure at the

individual level and show minimal divergence among populations within the same region.
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Table 6.5. Summary of the Phi (®)statistics and p-values based on the AMOVA analysis
of the autosomal STR dataset

Significant differentiation among continents (Africa, Asia,
0.0067 <0.0001  Europe, North and South America). This means that 0.67%
of the genetic differentiation is due to variation between
regions, indicating low structure across continents.
Low but significant differentiation among populations
0.0129  <0.0001 within regions (e.g., African populations), contributing
1.29% to total variance. This shows that even populations in
the same region are genetically differentiated.

The total genetic differentiation across all populations and
0.0195 <0.0001 regions is 1.95%. This suggests an overall low genetic
structure among all 23 global populations.

The @-statistics (Table 6.5) helped to measure genetic differences. The ®ct value of 0.0067 shows
a small but statistically significant genetic differences between continents (P <0.0001). This means
there is genetic variation across different continents. The overall ®st value of 0.0665 reflected little
divergence among all populations, which was also statistically significant (P < 0.0001),
highlighting the low partitioning of autosomal STR variation at the global level. In contrast, the
®sc value is 0.0129. Although this number is lower and shows variation among populations within
regions, it is still statistically significant (P < 0.0001). This suggests that specific populations have

had historical separations, migration patterns, and specific evolutionary changes.

STRUCTURE Analysis

STRUCTURE was used to evaluate genetic affinities among 23 global population groups using 13
autosomal STR markers. The outputs were uploaded to the Structure Selector for analysis, which
calculated the Mean LnP(K) + SD (see Appendix 85) and Delta K values to determine the most
probable number of genetic clusters (K), tested from 1 to 25. Results were visualized using the

CLUMPAK package within the Structure Selector software.

Figure 6.4. shows the average log-likelihood values [LnP(K)] corresponding to each assumed
number of genetic clusters (K = 1 to 25) calculated across ten independent STRUCTURE runs per
K. Each point on the plot represents the average LnP(K). In contrast, the vertical error bars represent
the standard deviation (SD), indicating the variability of results across replicates. The mean LnP(K)
compares the likelihood of different K values generated by STRUCTURE with the higher value,

suggesting a better fit for K. The insight on the robustness of the model for a given K was provided
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by the Mean LnP(K)£SD to help assess the stability of the estimate of the population structure. The
LnP(K) values generally increase with higher K, reflecting an improved fit of the model as more
clusters are added. However, this increase often reaches a plateau, where adding more clusters
results in diminishing gains in likelithood, or the estimates become unstable. The plot helps to
visually assess model fit, with the plateau suggesting the point beyond which additional clusters
may not capture meaningful population structure and introduce instability, suggestive of
overfitting. This provides the foundational values used in the Evanno method (Delta K) to infer the
most probable number of genetic clusters (optimal K). K = 3 is emphasized because it represents
where the Evanno method identified the most significant change, indicated by the highest Delta K.
The value of K = 3 yields a strong, stable dataset partition. While K values greater than 3 may

capture additional structure, they can also reflect noise, admixture, or overfitting.
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Figure 6.4. Mean log-likelihood of the data [LnP(K)| £+ standard deviation (SD) plotted
against the number of inferred populations (K), calculated across ten independent runs of the
STRUCTURE program. The red dashed line indicates K = 3, corresponding to the optimal
number of clusters inferred from the AK method.
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Figure 6.5. presents the Delta K values (see Appendix 85) calculated using the Evanno method,
which estimates the LnP(K) change rate between successive K values. A clear peak in Delta K is
observed at K = 3, identifying it as the most probable number of genetic clusters. This suggests
four genetically distinct populations, with the highest Delta K recorded for this value. The rate of
change in Delta K assists in selecting the appropriate population size (K) by comparing the
likelihood between different K values. A higher Delta K value indicates the optimal number of
populations in the dataset. Delta K is particularly informative when the LnP(K) curve lacks a
distinct peak, as it highlights the point of most significant improvement in model fit before the

curve stabilizes.
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Figure 6.5. The change in the log-likelihood rate (Delta K) for each value of K computed
across ten repeated runs and iterations of the STRUCTURE program. The plot suggests four
genetically distinct populations, with the highest Delta K recorded for this value.

The analysis of inferred populations across values of K (from K = 1 to K = 25) revealed a clear
population structuring among the 23 global populations. Although K = 3 was identified as the
optimal result, Figure 6.6 illustrates genetic differentiation in ancestry proportions among

individuals within each group for selected K values (K =3, K =6, K=23, and K = 25).
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plots for K=3, K=6, K=23, and K=25. Each vertical line corresponds to an individual (total = 5,000) assessed based on data from 13 autosomal
loci. The amount of colour in each bar indicates the individual's genetic ancestry to each K population.
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The selection of K values 3, 6, 23, and 25 was intentional, based on biological relevance from

STRUCTURE and CLUMPAK analysis.

K =3 is the best point to consider when studying Delta K (statistical peak of Delta K) and gives a
broad ancestral structure. Delta K shows how likely it is to see changes between different values of
K. 1t helps find old population splits and provides a clear view of the global structure. K=3 shows
the broad and consistent clusters at a continental level: 1. the Sub-Saharan African cluster (e.g.
Nigeria, Ghana, Mozambique, and Somalia); 2. the East and Southern Asian cluster (e.g. China,
Malaysia, Laos, Thailand and US Asian); and 3. Europe, North African, and Latino ancestry cluster
(e.g. Italy, Spain, Egypt, Morocco, US Caucasians, US Hispanics, Brazil, Colombia and Mexico)
with admixed profiles observed in populations from the Americas and parts of the Middle East and
South Asia. The clustering at this level reflects deep ancestral divergence, likely capturing early

human population splits across Africa, Asia, and Europe.

K = 6 shows clearer patterns of regional substructure emerge within continents, allowing finer
resolution of population differentiation and admixture. African populations remain distinct, while
additional substructure becomes apparent, highlighting historical gene flow and admixture events.
Latin American populations—Brazil, Colombia, Honduras, and Mexico—showed contributions
from both European and Native American-like clusters and African influence. Honduras (Garifuna)
exhibits a more substantial genetic alignment with African ancestry, while Mexico, Colombia, and
Brazil tend to align more closely with European ancestry and the US Hispanics. Somalia exhibits
a blend of genetic sources with patterns reflecting North African and Eurasian influences. African
Americans in the US closely align with populations from other African countries, such as Ghana
and Nigeria. The separation between South Asian (India) and East Asian populations (China,
Malaysia) also became more distinct, reflecting regional differentiation within Asia. Overall, this
level captures more recent historical admixture processes, including transatlantic gene flow, while

maintaining interpretable population structure.

K = 23 corresponds to the labelled populations and highlights specific signals related to each
population. This analysis examined 23 known populations to determine whether the STRUCTURE
program could accurately identify genetic groupings. With K = 23, most individuals were assigned
to a single dominant population cluster, allowing them to be recognised by their origins. Admixed
populations such as US Hispanic, Brazil, and US African American continued to show

contributions from multiple ancestral clusters, highlighting complex ancestry profiles. Morocco
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and Egypt showed genetic contributions that may have come from other North African populations,
or Middle Eastern sources. The exclusive clustering suggests that the STRUCTURE program

effectively captures known population boundaries.

K = 25 is the maximum K run in the analysis. It highlights the risk of overfitting because it
introduces additional complexity, but it can be valuable for exploring substructure or rare ancestry
components. It shows fine-scale cluster fragmentation, and some populations split or show
overlapping signals, suggesting instability or noise across replicate runs. Therefore, K=25 should

be interpreted cautiously when validated with additional evidence such as Fsz, MDS, or NJ.

6.4.2 Y-STR INTER-POPULATION GENETIC DISTANCE

To illustrate the genetic relationship between Nigeria and various previously reported global
populations, several analyses were conducted, including pairwise comparisons, Multi-Dimensional
Scaling (MDS), Neighbour-Joining (NJ), and Analysis of Molecular Variance (AMOVA). These
analyses were based on the 12 Y-STR loci shared by the datasets collected from the Nigerian sub-
populations (Igbo, Yoruba, and Hausa-Fulani) and the 47 global population groups listed in Table
6.3.

Multi-Dimensional Scaling (MDS)

The Multi-Dimensional Scaling (MDS) plot (Figure 6.7) was constructed from the values of the
pairwise unbiased Rsr genetic distance matrix (Appendix 84), which was derived from 12 Y-STR
loci across 50 population groups. Each population group was categorized by its language family to
enhance the understanding of their ancestral connections with other groups. The two-dimensional
MDS plot illustrates significant regional clustering and differentiation based on male-lineage
genetic variation. The populations are categorized by region: Africa, Europe, South America, North
America, and Asia. Population labels encompass the country along with linguistic or ethnic

affiliations, reflecting genetic, cultural, and historical patterns.

The African populations exhibited the highest level of internal diversity, characterised by several
sub-clusters represented as blue dots. West African populations, including the three Nigerian
subpopulations—Igbo (NIG-IB), Yoruba (NIG-YO), and Hausa-Fulani (NIG-HF)—along with
Benin-Niger Congo-Atlantic (BEN-AC), Benin-Niger Congo-Mende (BEN-M), Burkina Faso-
Niger Congo-Mur (BF-G), Ivory Coast-Niger Congo-Atlantic (IVC-AC), Ivory Coast-Niger
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Congo-Mende (IVC-M), and Senegal-Niger Congo-Mende (SEN-M) clustered relatively close

together, reflecting shared ancestry in Upper Guinea and coastal regions.

Central and East African groups such as Angola-Bantu West (ANG-B), Cameroon-Niger Congo-
Pygmy (CAM-P), Central African Republic-Pygmy (CAR-P), Democratic Republic Congo-Bantu
West (DRC-B), Democratic Republic Congo-Nilotic-Pygmy (DRC-P), Gabon-Pygmy West (GAB-
P), Kenya-Bantu West (KEN-B), Kenya-Nilotic (KEN-NS), Tanzania-Afroasiatic (TZ-AA),
Tanzania-Khoisan (TZ-K), Tanzania-Nilotic (TZ-NS), and Uganda-Nilotic (UGA-NS) occupied

more peripheral or spread-out positions around the West African cluster.

Notably, South Africa-Bantu West (SA-B), Ethiopia-Afroasiatic (ETH-AA), and Namibia-Khoisan
(NAM-K) stood far from the central African cluster, indicating a highly distinct Y-STR profile,
possibly reflecting ancient divergence, demographic drift, or limited gene flow with northern or
western African populations. Botswana-Bantu East (BOT-B) in Southern Africa, Tanzania-Bantu
East (TZ-B) in East Africa, and the Bantu populations in Zambia (ZAE-B and ZAW-B) in Southern
Africa exhibit moderate divergence from other African clusters. However, they cluster closely as
Bantu-speaking languages despite being located in different geographic regions of Africa. This

suggests that Bantu-speaking populations share a common ancestry.

Orange dots represented the Asian populations. China-Sino-Tibetan (CHI), India-Dravidian (IND),
and the Philippines-Austronesian (PHP) were clustered together, positioned away from African
and European populations. This tight grouping reflects genetic continuity across East and South
Asia and the relatively low Y-STR differentiation within this region. Middle Eastern populations,
including Iraq-Afroasiatic-Semitic (IRQ), Israel-Afroasiatic-Semitic (ISR), Kuwait-Afroasiatic-
Semitic (KUW), Lebanon-Afroasiatic-Semitic (LEB), and the United Arab Emirates-Afroasiatic-
Semitic (UAE), form a closely related regional cluster. They are also near some North African
groups, such as Algeria-Afroasiatic (ALG-AA) and Libya-Afroasiatic (LIB-AA). This suggests
that these populations not only share a common language family but also have a shared ancestry

lineage.
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Figure 6.7. A two-dimensional MDS plot visualising genetic distances among 50 global populations based on 12 Y-TR loci using the Rsr genetic

distance matrix. The populations are colour-coded by their respective continental regions. Dimension 1 (x-axis) captured intra-African structure
and divergence among Asia and European populations. Dimension 2 (y-axis) captures the intra-African structure and divergence among Asia,

Europe, and the admixed North and South American populations.
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The populations from North America were represented by red dots on the MDS plot. The US-based
African Americans (US-AA) and Jamaica-Patois (JAM) were found to be closely aligned with
several African populations, particularly those from Nigeria (NIG-IB and NIG-YO), Botswana
(BOT-B), Burkina Faso (BF-M), Cameroon (CAM-B), Democratic Republic of Congo (DRC-P),
Kenya (KEN-B and KEN-NS), and Tanzania (TZ-AA and TZ-K). This alignment indicates a
stronger continuity with their ancestral origins. However, the Nigerian-Hausa-Fulani
subpopulation does not demonstrate as close a genetic relationship with the African American
group compared to the Nigerian Igbos and Yorubas. This suggests that the Nigerian-Hausa-Fulani
people migrated to the United States in smaller numbers than the Igbos and Yorubas, leading to a

more distant connection in male ancestry.

In the MDS plot, the South American populations are represented by yellow dots. The Brazil-/ndo-
European-Portuguese (BRA) and Peru-Indo-European-Spanish (PER) populations are positioned
between the European and African populations, indicating a known admixture that involves

enslaved African males, European colonists, and contributions from Indigenous Americans.

The European populations are shown as green dots in the MDS plot. Germany-/ndo-European-
German (GER), Italy-Indo-European-Italian (ITA), Spain-Indo-European-Spanish (SPA), and
United Kingdom-/ndo-European-English (UK-BW) are grouped closely together, forming a well-
defined cluster. The European population displays proximity to the Asian populations, possibly
indicating shared Eurasian male lineages and deep ancestral connection. The British African (UK-
BA) group is genetically similar to several other African populations, particularly those from
Nigeria (NIG-IB and NIG-YO), Benin (BEN-AC), Botswana (BOT-B), Burkina Faso (BF-G),
Cameroon (CAM-B), and Kenya (KEN-B). Overall, the British African group is genetically more
closely related to African populations than to European populations. This indicates their genetic
profile shares significant similarities with various African groups, suggesting a strong ancestral
connection between British Africans and their African roots. This aligns with historical patterns of
migration and ancestry. Moreover, the Nigerian-Hausa-Fulani subpopulation does not show as
close a genetic relationship with the British African group as the Nigerian Igbos and Yorubas. This
suggests that the Nigerian-Hausa-Fulani people migrated to the United Kingdom in smaller

numbers than the Igbos and Yorubas, resulting in a more distant male ancestry connection.
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Neighbour-Joining (NJ)

The Neighbour-Joining (NJ) method was utilised to visualise the phylogenetic distances among the
50 population groups. This approach enabled an assessment of their ancestral relationships. The
optimal tree is based on the accuracy of the values of the pairwise unbiased Rsr genetic distance
matrix (see Appendix 84), which is derived from 12 Y-STR loci. The tree is scaled, with branch
lengths reflecting the pairwise values used to estimate genetic distances. Genetically similar
populations will have closer branches, while those that are genetically distant will have branches
that are farther apart. These results illustrate the paternal ancestral genetic distances and regional

group patterns, as shown in Figure 6.8.

The three Nigerian ethnic groups (Hausa-Fulani, Igbo, and Yoruba) form a distinct West African
cluster with clear branch separations for the Nigerian populations. The Yoruba and Igbo
populations are closely related and show strong genetic connections to the Benin (Niger-Congo-
Mende) and Ivory Coast (Niger-Congo-Atlantic) groups. The Yoruba population also exhibited a
close genetic relationship with the Benin (Niger-Congo-Atlantic) population. The close
relationship between the Yoruba people is evident as they historically spread across Nigeria and
Benin before the colonial separation of these West African countries, indicating they share a
common genetic ancestry with the Yoruba communities in this region. The Yorubas are recognised
as a minority in the Benin Republic. In contrast, the Hausa-Fulani group appears to be genetically
close to Senegal and Ivory Coast populations, specifically within the Niger-Congo-Mende
language group. The Hausa-Fulani population is located between the Igbo and Senegal populations
and still exhibits some shared ancestry with the Yorubas and Igbos; however, it is classified within
the Niger-Congo-Mende cluster. Overall, Nigerian populations, including the Igbo, Yoruba, and
Hausa-Fulani ethnic groups, are genetically distinct from Afroasiatic-speaking North Africans
from countries such as Libya and Algeria, as well as the Middle Eastern populations, including
Iraq, Israel, Kuwait, and Lebanon. Additionally, they share distant connections with Asians from
China, India, and the Philippines and Europeans from Italy, the United Kingdom, and Spain. The
Nigerian ethnic groups are part of a larger clade that includes various West and Central African
communities, such as those in Benin, Ivory Coast, Gabon, Burkina Faso, Cameroon, and Angola,

which predominantly speak Bantu or Niger-Congo languages.
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Angola (Bantu West)

Zambia (Bantu West)

Zambia (Bantu East)

Democratic Republic Congo (Bantu West)
Gabon (Bantu West)

Burkina Faso (Niger Congo-Gur)
Benin (Niger Congo-Mende)

lvory Coast (Niger Congo-Atlantic)
Benin (Niger Congo-Atlantic)
Nigeria (Yoruba)

Nigeria (Igbo)

Nigeria (Hausa-Fulani)

Senegal (Niger Congo-Mende)
lvory Coast (Niger Congo-Mende)
Kenya (Bantu West)

Cameroon (Bantu West)

Cameroon (Niger Congo-Pygmy)
Central African Republic (Pygmy)
South Africa (Bantu West)

United Kingdom (British African)
Burkina Faso (Niger Congo-Mende)
United States (African American)
Jamaica (Jamaican Patois)
Botswana (Bantu East)

Tanzania (Bantu East)

Kenya (Nilotic)

Ethiopia (Afroasiatic)

Tanzania (Nilotic)

Tanzania (Afroasiatic)

Tanzania (Khoisan)

Democratic Republic Congo (Nilotic-Pygmy)
Gabon (Pygmy West)

Uganda (Nilotic)

Namibia (Khoisan)

Peru (Indo European Spanish)
Kuwait (Afroasiatic-Semitic)

United Arab Emirates (Afroasiatic-Semitic)
Lebanon (Afroasiatic-Semitic)
Israel (Afroasiatic-Semitic)

Iraq (Afroasiatic-Semitic)

Algeria (Afroasiatic)

Libya (Afroasiatic)

India (Dravidian)

China (Sino-Tibetan)

Philippine (Austronesian)

Italy (Indo European-Italian)

Brazil (Indo European-Portuguese)
Germany (Indo European-German)
Spain (Indo European-Spanish)
United Kingdom (Indo European-English)

Neighbour-Joining (NJ) tree constructed from the values of the pairwise
unbiased Rsr genetic distance matrix, illustrating the clustering of 50 global population
groups, using 12 Y-STR loci. The populations are colour-coded according to their respective
continental geopolitical regions, with branch lengths representing paternal ancestral genetic
distances.



Populations such as those in Angola (Bantu West), Zambia (Bantu East and West), the Democratic
Republic of Congo (Bantu West), Gabon (Bantu West), Benin (Niger-Congo Atlantic and Mende),
Ivory Coast (Niger-Congo Atlantic and Mende), Senegal (Niger-Congo Mende), and Nigeria
(Yoruba, Igbo, Hausa-Fulani) form a closely-knit cluster. This group primarily consists of speakers
of the Niger-Congo language family (both Atlantic and Mende) and various Bantu-speaking groups
(both East and West). The genetic similarities and shared ancestral lineages within this population

are likely a result of the Bantu expansion and deep West African ancestry.

Cameroon (Niger-Congo Pygmy) and the Central African Republic (Vitious Pygmy) are closely
clustered together, while Cameroon (Bantu West) and Kenya (Bantu West) are nearby but distinct.
This indicates the divergence between Pygmy and Bantu populations within Central Africa.
Additionally, Kenya (Nilotic), Ethiopia (Afroasiatic), and Tanzania (Afroasiatic, Nilotic, Khoisan,
and Bantu East) form a separate East African branch, highlighting their different ancestries and
languages (Nilotic, Afroasiatic, and Khoisan). Furthermore, the Tanzania (Bantu East) cluster

aligns closely with Botswana (Bantu East).

The African populations in the United States (African Americans), the United Kingdom (British
Africans), and Jamaica (Jamaican Patois speakers) are closely grouped within the African genetic
clade. However, Jamaica clusters closely with African Americans, which reflects the historical

legacy of the transatlantic slave trade and their common African ancestry.

Populations such as Kuwait, the United Arab Emirates, Lebanon, Israel, and Iraq form a cohesive
Afroasiatic-Semitic cluster. In contrast, the Dravidian lineage from India and the Eastern Asian
lineages are somewhat more distinct, indicating moderate divergence. The populations of China
(Sino-Tibetan) and the Philippines (Austronesian) cluster with moderate branch lengths, suggesting
a shared Asian ancestry. Furthermore, Asian populations are generally more distant from African

groups, as expected from their geographic and evolutionary history.

Populations from Italy, Germany, Spain, and the United Kingdom (all Indo-European groups) form
a close-knit and shallow cluster, indicating high genetic similarity. Brazil is located nearby in this
cluster, which reflects its substantial European genetic influence, particularly from Portuguese
ancestry. Peru, whose population has Indo-European and Spanish ties, is genetically situated near

groups influenced by Middle Eastern and African ancestry, likely due to historical admixture.
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Analysis of Molecular Variance (AMOVA)

AMOVA was performed using data from 12 Y-STR loci collected from 7,348 unrelated males
across 50 globally distributed populations. This analysis classified genetic variation into three
nested levels: first, among continental regions, which included South America, North America,
Europe, Asia, and Africa; second, among populations within those regions, represented by 50
distinct global population groups (refer to Table 6.3); and third, within populations, comprising
the total of 7,348 unrelated individuals distributed across each of these groups. A summary of the
AMOVA findings can be found in Table 6.6, while Table 6.7 displays the Phi statistics (®-

statistics) along with their corresponding p-values.

Table 6.6. Summary of AMOVA for 12 Y-STR loci across 50 global populations
involving 7,348 unrelated individuals grouped into five continental regions

Source of Degrees of  Sum of Variance % Variation Interpretation

Variation freedom (df) Squares Components

High genetic variation
Among 4 9.5x10° 23x10° 88.11 between continental
Regions regions

(e.g., Africa vs. Asia).

Moderate genetic
A variation among
mong 45 1.4 %10 3.2 10? 11.57 populations within
Populations . .
ithi . continental regions but
withun regions statistically significant
(e.g., Igbo vs. Yoruba).

Low genetic variation
among individuals within
populations.

Within
Populations 7,297 6.4 x 10* 8.82 0.32

7,348 8.8 x 10* 2.7 x10° 100%

Table 6.6. shows the outcomes of the AMOVA analysis and illustrates partitions of the genetic

(e.g. Igbo individuals)

differentiation. Most genetic variation, accounting for 88.11%, is attributed to differences among
major geographic regions: South America, North America, Europe, Asia, and Africa. A moderate
proportion of genetic variation, 11.57%, occurs between populations within the same region,
indicating some regional sub-structure. For instance, this variation can be observed when
comparing the Nigerian (Igbo) population to the Nigerian (Yoruba) population, as well as between
the Angola (Bantu West) population and the Botswana (Bantu West) population in Africa, and
among populations in China and India in Asia. Only a tiny fraction, just 0.32%, of the genetic
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differentiation is found among individuals within a population, which reflects the relatively low

diversity among Y-STRs within these groups.

Table 6.7. Summary of the Phi (®)statistics and p-values based on the AMOVA analysis
of the Y-STR dataset

Statistic ® Value P-value Interpretation
Strong genetic structure among continents (Africa, Asia,
Drr 0.881 <0.001 Europe, North and South America). This means that 88.1%
(Among Regions) of the genetic differentiation is due to variation between
regions, indicating high differentiation across continents.
O®pr Very strong genetic structure among populations within
(Among 0.973 <0.001 regions (e.g., African populations), contributing 97.3% to
Populations within total variance. This shows that even populations in the same
Regions) region are very highly differentiated.
Dpr Nealy complete genetic structure globally. The total genetic
(Among 0.997 <0.001 differentiation across all populations and regions is 99.7%.
Populations This implies that overall, 50 global populations are
Overall) extremely structured.

The O®-statistics (Table 6.7) were used to measure genetic differences among populations. The ®@pr
value of 0.997 indicates that the populations are highly structured genetically (P < 0.001),
signifying significant genetic variation across different continents. The overall ®rt value of 0.881
demonstrates considerable differentiation among all populations, which is also statistically
significant (P < 0.001). This suggests a strong regional structure in global Y-STR variation. The
®pr value of 0.973 shows a substantial difference among populations within regions, which is
statistically significant (P < 0.001). This indicates that certain groups of people have gone through

substantial historical separations, migration patterns, and changes over time.

6.5  DISCUSSION

There are generally considered to be seven continents on Earth: Africa, Europe, South America,
North America, Asia, and Antarctica. Among these continents, Africa is considered to be the most
genetically diverse (Campbell and Tishkoff, 2008). Africa has over 2,000 ethnolinguistic
populations and exhibits remarkable genetic variations (Tishkoff ez al., 2009). It retains the highest
level of genetic diversity and has been recognised as the cradle of modern human civilisation
(Guanglin et al., 2023). As humans migrated out of Africa, two factors—the founder effect and
genetic drift—led to a reduction in genetic diversity in populations outside Africa. The migration
carried with it only a small part of the genetic diversity that existed in their African homeland. This
is why non-African populations have lower genetic diversity. The loss of this diversity accounts

for the genetic differences observed in this study between African populations and those from other
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regions (Stringer, 2016; Wang et al., 2021). Modern human origins can be traced to Sub-Saharan
Africa, particularly in East Africa and certain regions of Southern Africa. These areas have the
oldest genetic roots of humanity. Within the continental regions, populations exhibit less noticeable
differences and more complex genetic patterns. This observation aligns with the research conducted
by Cavalli-Sforza et al. (1994), Tishkoff et al. (2009), Henn et al. (2011), and Jobling and Tyler-
Smith (2017), which emphasised that human history—marked by ancient separations between
continents, founder effects, and gene flow between areas—has significantly influenced genetic

variation.

The autosomal STR dataset inference

The analysis of autosomal STR datasets using Nei’s and Fsr genetic distances and techniques such
as MDS (Multi-Dimensional Scaling), NJ (Neighbour-Joining), STRUCTURE and AMOVA
(Analysis of Molecular Variance) revealed a strong genetic differentiation within and between the
studied global populations across the continents. The Fsrand Nei genetic distance analyses yielded
genetic variation patterns among populations. The MDS and NJ outputs were plotted using pairwise
Nei's unbiased genetic distance data, showing relatively similar patterns. The bar plots generated
from the STRUCTURE analysis illustrated the populations' genetic structure and historical
admixture. The AMOVA results showed how variance is distributed among different continents,
populations within those continents, and individuals within each population. The magnitude of both
pairwise Fsr values and AMOVA ®-statistics observed in this study is consistent with previously
reported global estimates for autosomal STR loci. Steele et al. (2014), in work by Syndercombe-
Court and Balding, demonstrated that worldwide population differentiation at forensic STR
markers is generally low, with typical Fsr /® values ranging from approximately 0.01 to 0.03,
reflecting that the vast majority of human genetic variation occurs within populations. The results
obtained here, including low differentiation between Nigeria and populations with African
ancestry, higher differentiation with East and Southeast Asian populations, and an overall ®st value
of approximately 0.019, fit well within this expected global range. These statistical tools effectively
highlighted significant differences between continents and more detailed population structures
based on autosomal STR diversity, and they support the robustness and forensic relevance of the

present dataset.

Africa
West African groups formed a close cluster, particularly those from Nigeria and Ghana. This is

expected because Ghana and Nigeria share similar cultures, geographies, and religions. A study by
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Adeyemo et al. (2005) analysed 372 autosomal microsatellite (STR) loci across four West African
ethnic groups: the Ga-Adangbe and Akan from Ghana and the Igbo and Yoruba from Nigeria. The
study found that, while subtle differences allowed for the distinction between Ghanaian and
Nigerian groups, the overall genetic differentiation was minimal. Mozambique and Somalia have
more divergent populations, likely due to the influence of East and Southern African ancestors.
Somalia bridges the Middle East and sub-Saharan Africa, highlighting its genetic connections to
both regions. Similarly, Morocco and Egypt are genetically similar and may serve as a North
African bridge connecting Africa and the Middle East. Egypt's genetic distance is between Africa
and Middle Eastern countries, such as Bahrain and Saudi Arabia, reflecting a blend of West Asian
and North African genetic backgrounds. North African and Middle Eastern populations have
Afroasiatic ancestry and experienced historical gene flow across the Red Sea and Mediterranean
(Hodgson et al., 2014). The genetic background of North Africans comes from a mix of local
Berber ancestry, ancient Eurasian migrations, and Arab expansions starting in the 7th century CE.
These events introduced Middle Eastern traits to North African populations (Arauna et al., 2017).
This blending resulted in unique characteristics distinguishing North Africans from sub-Saharan

Africans in appearance, culture, and language (Henn ef al., 2012).

Asia

Populations from the Middle East, including Bahrain and Saudi Arabia, have genetic similarities
to populations in Europe and North Africa. This shows that the Mediterranean corridor was critical
in allowing geneflow between these regions throughout history (Henn et al., 2012; Arauna et al.,
2017). North Africa's population has a genetic mix influenced by several historical events. These
include native Berber ancestry, the movement of people from Eurasia, and Arab migrations after
the 7th century CE Islamic conquests. These events added Middle Eastern genetic traits to North
African populations (Arauna et al., 2017). Due to admixture, North Africans developed unique
features that distinguish them from sub-Saharan Africans in areas like appearance, culture, and
language (Henn et al., 2012). In contrast, Asian populations from China, Laos, Malaysia, and
Thailand are closely grouped with the Asian population in the United States. The images of the
STRUCTURE data output suggest that India appears genetically more aligned with Middle Eastern
populations, particularly Bahrain, than those from China, Laos, Malaysia, and Thailand. However,
the Neighbour-Joining output indicates that India is categorised with other populations within the
Asian clade. This demonstrates that the Asian populations share a genetic background and remain

connected to the broader region (Li et al., 2008; Reich et al., 2009).
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Europe

The two European populations examined in this study—Italy and Spain—share similar genetic
backgrounds. This resemblance comes from their close geographical proximity and shared
widespread historical experiences as populations from Southern Europe. While not genetically
identical, Italy and Spain show significant similarity. People from Southern Europe share a close
ancestry with Caucasians in the United States. This shows their shared European roots and genetic
ties. A study by Seldin et al. (2006) and Sarno ef al. (2014) found that individuals of southern
European ancestry, specifically Italians and Spaniards, largely clustered together, indicating

significant genetic similarities because of their geographical closeness and intertwined histories.

Latin Americans in North and South America

The Latin American populations, including Brazil, Mexico, Colombia, and Honduras, are
intermediate between Europe, Africa, and the Americas. Mexico and Colombia share a closer
genetic relatedness with the Hispanic population in the United States. At the same time, Brazil
shows genetic similarities with Italians and Spaniards in Europe, and Caucasians in the United
States. Although Honduras is located in Central America, the population analysed here comprises
the Garifuna of the Caribbean coast of Central America and shows closer genetic affinity to African
populations, reflecting their predominantly African ancestry. During the Spanish colonial period,
enslaved Africans were brought to Honduras primarily for labour in mining and agriculture.
Enslaved Africans in Honduras experienced social and geographic mobility, particularly along the
Atlantic coast, where they could settle and work as labourers (Lokken, 2013). Latin Americans'
genetic history and connection reflect their unique tri-hybrid background, encompassing European,

African, and Native American roots.

North America

The populations of North America, including African Americans, Asians, Caucasians, and
Hispanics in the United States, as well as those from Honduras and Mexico, demonstrate a diverse
genetic mixture of ancestry and historical backgrounds. African Americans and people from
Honduras share genetic ties with African populations. This shows the historical links to the trans-
Atlantic slave trade (Salas ef al., 2005). In contrast, US Asians genetically belong to the broader
Asian group, clustering especially with China, Malaysia, Thailand and Laos, which aligns with
expectations (Tian et al., 2008; Bryc et al., 2015). US Caucasians genetically cluster near Southern
European populations (Italy and Spain), confirming their European ancestry. Meanwhile, US

Hispanics and the population from Mexico and Colombia are genetically positioned between
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European (Italy and Spain) and Latin American groups (Brazil), reflecting their mixed ancestry,
which includes Indigenous American and European roots. The genetic structure in North America
aligns with the study conducted by Bryc ef al. (2015), who examined the genetic backgrounds of
African Americans, European Americans, and Latin Americans in the United States. The DNA
samples were typed using SNP markers, and their findings gave clear insights into the genetic
backgrounds of these groups. The outcome revealed the diverse mix of ancestries in North

America, shaped by years of migration, colonisation, and cultural exchange.

The AMOVA result revealed that individuals within each population (within-population)
accounted for most of the diversity in the sample. The high genetic differentiation observed among
individuals within populations (98.05%) aligns with findings from Rosenberg et al. (2002) and
Adeyemo et al. (2005), who noted that the genetic variation among individuals within a population
account for the most significant variation in analyses of autosomal STR datasets. Low genetic
variation was found among continental regions and among populations within continents. All ®-
statistics were significant (P <0.0001), confirming that the observed genetic structure is statistically
meaningful. These variations may be linked to a lengthy trade history and other interactions
between continents. Factors such as Transatlantic slavery, migration, intermarriage, and a common
language contribute to gene flow and genetic admixture, which help reduce genetic differences

among regions and populations within a region (Gouveia ef al, 2020).

The Y-STR dataset inference

The Y-STR datasets were analysed using Rsrgenetic distances along with techniques such as Multi-
Dimensional Scaling (MDS), Neighbour-Joining (NJ), and Analysis of Molecular Variance
(AMOVA). The pairwise unbiased Rsr genetic distance matrix value was used to plot MDS and NJ
for the Y-STR datasets. Rsr is preferred for the analysis of Y-STRs because it accounts for
differences in allele sizes and follows the stepwise mutation model, which accurately represents
the way Y-STRs mutate (Balloux et al., 2002; Excoffier et al., 2005). However, autosomal STR
alleles recombine each generation, mixing alleles from both parents and making the stepwise
mutation pattern less clear over generations (Weir, 1996). The Y-STR markers effectively revealed
the ancestral relationships among population groups in Nigeria, Africa, and other continental
regions. The MDS and NJ methods demonstrated similar output patterns at the intercontinental
level. However, the NJ method was more effective in clustering populations based on geographical
regions at the continental region level. For instance, it distinguished the West African population

from the East African population, identified admixtures between Central and Southern African
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populations, and displayed distinctions between the North African and the rest of the African
populations. The AMOVA results illustrated the variance distribution across continents,
populations within those continents, and individuals within each population. The statistical tools
employed in this study highlighted significant differences in paternal inheritance across continents.
These tools also allowed for tracking genetic lineage based on paternal inheritance using Y-STR

diversity. The Y-STR markers also showed how genetic structures vary across different continents.

African Extensive Male Lineage Structure

African populations show apparent differences in their male lineage structures. Distinct differences
and complex connections among male family lines characterise significant genetic diversity among
these groups. Groups from West Africa, such as the Igbo, Yoruba, and Hausa-Fulani in Nigeria,
along with populations from Burkina Faso, Senegal, Ivory Coast, and Benin, form closely related
genetic clusters. Similarly, populations from Central Africa, including those in Cameroon, Angola,
the Democratic Republic of Congo, the Central African Republic, and Gabon, exhibit strong
genetic connections. The West African group clusters correspond to the Niger-Congo language
family, which includes Atlantic, Gur, and Mende languages. In contrast, the Central African group
clusters correspond with the Bantu-West (sub-group of the Niger-Congo language family) speaking
populations. Cameroon serves as a bridge between West Africa and Central Africa, featuring a
diverse population that includes speakers of Niger-Congo, Pygmy, and Bantu languages. Located
in Central Africa, Cameroon shares borders with Gabon, the Democratic Republic of Congo, and
Equatorial Guinea to the south, the Central African Republic to the east, Nigeria to the west, and
Chad to the north. This geographic positioning facilitates gene flow and cultural exchange among
the Niger-Congo-speaking communities from West Africa and the Bantu and Pygmy language
groups predominantly found in Central Africa. This pattern also reflects a significant impact of
Bantu expansion by spreading common Y-chromosomal haplotypes across much of sub-Saharan
Africa (Wood et al., 2005; De Filippo ef al., 2011). Populations in East Africa, including Nilotic,
Afroasiatic, and Khoisan speakers from Kenya, Tanzania, and Uganda, as well as Southern African
populations like Bantu speakers from South Africa and Botswana and Khoisan speakers from
Namibia, show a clear genetic divergence from West African lineages. Notably, Nilotic, Khoisan,
and Pygmy groups are genetically distinct from Niger-Congo speakers, indicating that they possess
ancient, divergent paternal lineages. These findings support earlier research by Wood et al. (2005)
and De Filippo ef al. (2011). Additionally, Nilotic and Pygmy language-speaking groups from the
Democratic Republic of Congo (DRC) and Pygmy-speaking groups from Gabon in Central Africa

cluster near the East African clade, reflecting their shared male ancestry. This demonstrates the
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genetic relationship between Pygmies and Nilotes. A similar connection has also been noted by

Bitani et al. (2011).

The Retention of African Y-Chromosome Lineages in the African Diaspora

The MDS and NJ data output clearly illustrated that populations of African ancestry in the United
States, United Kingdom, and Jamaica closely cluster with African populations. This finding
confirms the retention of ancestral Y-STR haplotypes among males of African descent and reflects
the transatlantic slave trade's impact on global Y-chromosomal variation. More than 9 million
Africans were forcibly brought to America from the 16th century to the mid-19th century (Gouveia
et al., 2020). The introduction of enslaved Africans transformed the genetic landscape of America,
resulting in the deep genetic roots shared between African populations and those in North America
and South America. This also highlights the genetic differentiation shaped by historical migrations,
intercontinental gene flow, and recent patterns of admixture (Tishkoff et al., 2009; Bryc et al.,

2010; Campbell et al., 2014).

Middle Eastern and North African Paternal Continuity

Populations that speak Afroasiatic languages in North Africa, particularly in Libya and Algeria,
form a distinct group alongside Middle Eastern populations from Iraq, Lebanon, Israel, Kuwait,
and the United Arab Emirates. This close connection suggests historical gene flow mediated by
males across the Mediterranean and the Arabian Peninsula, which aligns with the dispersal of
Afroasiatic language family (Cruciani ef al., 2007; Fadhlaoui-Zid et al., 2013). The populations of
Libya and Algeria have been found to exhibit a mixed Y-STR signature, suggesting a combination
of North African and sub-Saharan male lineages. According to Bekada et al. (2013), people in
North Africa carry a mixture of sub-Saharan African and Middle Eastern genetic influences, which

include individuals from Libya and Algeria.

Asian Populations and Lineage Clustering

Populations from China, India, and the Philippines form a separate branch, consistent with region-
specific Asian lineages (Underhill et al., 2001; Kivisild et al., 2003; Karafet et al., 2008). India
(Dravidian) is slightly apart from East and Southeast Asian populations, reflecting its complex

demographic history and ancient separation of South Asian paternal lineages (Sahoo ef al., 2006).
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European Ancestry and Male Lineages in Latin America

European populations, including those from Germany, Italy, Spain, and the United Kingdom, tend
to cluster closely. This suggests they share relatively homogeneous Y-STR profiles consistent with
Indo-European ancestry, as Underhill et al. (2001) reported. Interestingly, Brazil and Peru also
cluster within this group, despite being located in Latin America, due to their significant European
paternal ancestry. This ancestry stems from male-biased migration during the colonial period, as
noted by Rodrigues et al. (2022). Rescue et al. (2016) found that over 90% of Y-chromosome
lineages in Brazilian males are of European origin, while Native American and African ancestries

account for the remainder.

The AMOVA results obtained here revealed significant genetic variation among these major
continental regions. This finding is typical for Y-chromosome markers, which are characterised by
paternal inheritance and a lack of recombination (Jobling and Tyler-Smith, 2003; Kayser et al.,
2003). Moderate to low genetic differentiation was observed among populations within each
continent and among individuals within specific populations. All ®-statistics are significant (P <
0.001), confirming that the observed genetic structure is statistically meaningful and not random.
Y-STRs are located in the non-recombining segment of the Y chromosome and are passed down
exclusively via the paternal lineage. This makes them particularly valuable for tracing male-

specific population structures, migration patterns, and deep ancestry (Ballantyne et al., 2014).

6.6 CONCLUSION

Africa is widely regarded as the origin of the human species and contains the most remarkable
diversity of human DNA lineages worldwide. Because of its wide range of genetic diversity, Africa
has a key role in human history. This diversity supports the idea that early humans moved from
Africa to various regions across the globe. It is essential to clarify that "African American" can be
somewhat imprecise. The term mainly refers to Sub-Saharan Africans who were taken from Africa
during the Transatlantic Slave Trade. Most of these individuals were black. However, it does not
include North Africans, such as Berbers and Sahrawis. Some Indigenous African groups have
lighter skin and curly hair, rather than the dark skin and tightly curled hair often expected. Africa

has many different ethnic groups, each with skin colours, facial features, body, and hair.

Analysing autosomal STR datasets with Nei and Fsr genetic distances and methods like Multi-
Dimensional Scaling (MDS), Neighbour-Joining (NJ), and STRUCTURE helps us understand large

regional patterns and more minor details of mixing within populations. The study revealed strong
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regional continuity across Africa, Asia, and Europe while highlighting the genetic effects of
colonial and transatlantic migrations from Africa to America. It emphasized the link between
geographical locations and bi-parental genetic profiles and showcased the uniqueness of North
African populations globally. This analysis shows how useful STRs are for understanding complex
population histories influenced by ancient splits and recent human movements. The research also
places Nigeria's genetic distance alongside other global populations on a continental scale. The
Analysis of Molecular Variance (AMOVA) confirmed an established pattern in human population
genetics: most autosomal STR variation occurs within populations, with moderate genetic
structuring observable across regions and between populations. These findings indicate that STRs
are valuable tools in forensics and anthropology, allowing us to differentiate between population

groups at both regional and continental levels.

Genetic distances from Rsr and methods like Multi-Dimensional Scaling (MDS) and Neighbour-
Joining (NJ) using Y-STRs show how effective paternal markers are in uncovering complex and
deep-rooted relationships among populations. This research clarified the genetic distance of the
Igbo, Yoruba, and Hausa-Fulani ethnic groups within West Africa, alongside other African
populations and worldwide. This research examined deep paternal divergences in Africa, focusing
on ethnolinguistic groups and identifying ancient lineages among the speakers of Afroasiatic,
Khoisan, Niger-Congo (Atlantic, Bantu, Mende, and Gur), and Nilo-Saharan (Nilotic) language
families. It also uncovered shared Y-chromosomal signatures among West African diaspora
populations. Additionally, the research established a continuity of Middle Eastern and North
African ancestry, reflecting shared Afroasiatic paternal lineages. The study showed a distinct
clustering of European and Asian Y-haplogroups, with Latin American populations exhibiting
European male-line admixture. The NJ tree results mirror ancient human population structures and
recent historical migrations, providing a global high-resolution perspective on paternal ancestry.
The outcomes of the AMOVA analysis support the notion that while human populations share a
substantial portion of their genetic diversity, there are apparent regional and intra-regional
differences, particularly influenced by continental separations, population bottlenecks, and genetic
drift. Y-STR markers, which are paternally inherited and non-recombining, are particularly

effective in revealing the structure of male lineage populations.
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CHAPTER SEVEN
GENERAL DISCUSSION

7.1 THE NIGERIAN POPULATION GENETICS AND THE FORENSIC
IMPLICATIONS

The Nigerian population, represented by three major ethnolinguistic groups — Hausa-Fulanis,
Yorubas, and Igbos — shows genetic proximity due to shared Niger-Congo ancestry. Despite all,
it is also distinguishable based on paternal Y-STR lineages. Understanding this internal
substructure is essential for forensic and anthropological applications. This project evaluated
forensic genetic markers in Nigeria, analysing two autosomal STR kits—the Qiagen Investigator
ESSplex SE QS Kit and the GlobalFiler Express PCR Amplification Kit—along with a Y-STR
dataset from the Promega PowerPlex Y23 System Kit. The study focused on unrelated individuals
from the three ethnic groups. The findings recommended the most preferred STR kit for
establishing an offender DNA database and forensic DNA analysis in Nigeria. The study also
provided allele frequency data and explored genetic relationships between the Nigerian and global
populations through various methods. Africa has more than 2,000 ethnolinguistic groups exhibiting
significant genetic diversity. Studies have examined the genetic connections within and between

Nigerian populations, considering geographic factors.

In Nigeria, autosomal STRs present a high potential for individualisation, as most variation is found
within populations. The autosomal STR profiles generated from Nigeria (Chapters 3 and 4) are
valuable in global databases and can be effectively utilised in forensic comparisons involving
African or diaspora samples. This highlights the forensic significance of the Nigerian population,
demonstrating a strong discriminatory power for identification purposes using either the 24-locus
GlobalFiler Express Kit or the 17-locus QIAGEN Investigator ESSplex SE QS Kit. However, the
21 autosomal loci provided by the GlobalFiler™ Express Kit offer more markers for analysis,
resulting in greater discriminatory power, improved likelihood ratios, and lower random match
probabilities than the 16 loci available in the QIAGEN Investigator ESSplex SE QS Kit.
Additionally, the information generated from the Promega PowerPlex Y23 System Kit (Chapter 5)
gave valuable insights into the ancestry patterns of male individuals analysed in the Nigerian
population. This study emphasises the importance of incorporating Y-STR data specific to the
Nigerian population into global forensic databases. Creating ethnic-specific allele frequency tables
for the Igbo, Yoruba, and Hausa-Fulani groups can improve the accuracy of forensic comparisons
in Nigeria and beyond. This data is helpful for paternity testing, criminal investigations, and
identifying victims of disasters. Understanding both deep ancestral markers and recent population

changes makes Nigerian groups important references for studying human genetic diversity and
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forensic genetics. STR markers are essential tools for understanding human history and helping

achieve justice in forensic cases (Tishkoff et al., 2009; Kayser, 2017).

Regarding Chapter 5 of this project, Bryc et al. (2010) analysed the genetic structure of the West
African population. They found minimal genetic differentiation between the Igbos and Yorubas, as
indicated by their low genetic distance. Unlike the earlier study, which grouped the Hausas and
Fulanis as a single sub-population, Bryc et al. (2010) collected separate samples for each ethnic
group. Their findings revealed that the Hausas are genetically closer to the Igbos and Yorubas,
while the Fulanis are genetically distinct from all three groups. Although Bryc et al. (2010)
primarily focused on evaluating autosomal short tandem repeats (STRs), a similar outcome was
observed in the Y-STR analysis conducted in this study. The study of genetic relationships among
Nigerian populations revealed that a segment of the Hausa-Fulani subpopulation is genetically
distant from the Igbo and Yoruba subpopulations, as indicated by the Y-STR Principal Component
Analysis (PCA) performed in Chapter 5 of this research. Additionally, a global population Multi-
Dimensional Scaling (MDS) plot, which assessed genetic relationships between Nigeria and other
populations worldwide, positioned the Hausa-Fulani as genetically distinct from the Igbos and
Yorubas. However, they remain relatively close to the West African genetic cluster (Chapter 6).

Given that the Hausa-Fulani ethnic group has mixed ancestry, the distinct genetic differentiation
observed in the PCA (Figure 5.9) may suggest that those identified as genetically distinct could be
the Fulanis. Historical records support this, as the Fulanis exhibit significant differences in male
ancestry compared to the Igbos, Yorubas, and Hausas. The Fulanis historically migrated eastward
into northern Nigeria from Futa Toro in Lower Senegal, pursuing a pastoral and nomadic lifestyle
(Lovejoy, 2016). The Neighbour-Joining output of the Y-STR analysis (Figure 6.8) confirmed this
claim by demonstrating a shared ancestral relationship between the Niger-Congo Mende-speaking
population in Senegal and the Hausa-Fulanis, similar to the genetic connection that the Hausa-
Fulani share with the Igbos and Yorubas. This suggests that within the mixed ancestry of the Hausa-
Fulani ethnic group, the Hausas are more genetically related to the Igbos and Yorubas. At the same
time, the Fulanis are more genetically connected to the Niger-Congo population in Senegal. The
jihad movement initiated in the 19th century by Usman Dan Fodio—a Fulani spiritual leader,
thinker, and transformative reformer—targeted the Hausa Kingdoms in what became known as the
Fulani War (Hiskett, 1994). This conflict led to the establishment of the Sokoto Caliphate. The
Hausas and the Fulanis interacted and intermarried over time, resulting in a new ethnic group called
the Hausa-Fulani, who mainly speak different dialects of the Hausa language. This interaction also
brought together their cultures and languages (Lovejoy, 2016; Fortes-Lima et al., 2025). The Fulani

people speak Fulfulde (also known as Fula), a language that belongs to the Niger-Congo language
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family, specifically within the Atlantic branch (Vicente et al., 2019; Fortes-Lima et al., 2025). This
linguistic classification helps explain why the Hausa-Fulanis remain within the Niger-Congo-
Mende cluster despite the Hausa language being classified under the Afroasiatic language family.
The assertion that the Igbo people are a "lost tribe of Israel" has been thoroughly examined and
clarified in recent research. Some members of the Igbo community in southeastern Nigeria,
particularly those advocating for the sovereignty of Biafra, have historically proposed a potential
genetic or ancestral connection to ancient Israel (Olasupo, 2014; Shragg, 2015; Agbo, 2024).
However, this claim mainly comes from cultural, religious, and political beliefs, and no scientific
evidence supports it (Ejiofor, 2022). Historical and genetic studies indicate that the connections are
weak and unclear, with insufficient evidence to support the idea that the Igbo people are
descendants of the Israelites. Additionally, it is essential to note that Israel has not officially
recognised the Igbo community as Jewish by descent (Chiluwa and Chiluwa, 2020). This study
reveals that the Igbo people are more closely related, both genetically and ancestrally, to the Yoruba
and other groups in West Africa and sub-Saharan Africa than to the Israeli groups in the Middle
East (Figures 6.7 and 6.8). Moreover, populations in North Africa, such as those from Algeria and
Libya, exhibit greater genetic affinities to Israeli populations compared to any groups in sub-

Saharan Africa.

The genetic research evaluating 7,664 unrelated individuals using autosomal STR markers and
7,348 unrelated individuals using Y-STR markers provided valuable insights into the Nigerian
population structure at the global level (Chapter 6), which is essential for forensic studies. The
study employed various genetic distance measures, including Nei, Fsr, and Rsr, along with methods
such as Multi-Dimensional Scaling (MDS), Neighbour Joining (NJ), and Analysis of Molecular
Variance (AMOVA). These methods helped to examine patterns of genetic diversity, population
grouping, and ancestry. Based on the Y-STR results, Nigerian populations align with other West
African groups (Niger-Congo) at the continental level. They are genetically distinguishable from
North African (Afroasiatic), East African (Nilotic), and Indigenous Central African (Pygmy,
Khoisan) populations. Autosomal STR results place Nigeria firmly within the African continental
genetic clade but with closer affinities to African diaspora populations in North and South America,
reflecting evidence of the Transatlantic Slave Trade, during which millions of West Africans—
including many from present-day Nigeria—were forcibly relocated to the Americas. Nigerian
populations, particularly those from Yoruba and Igbo ethnic groups, have significantly influenced
the genetic background of African Americans and Afro-Caribbean populations, as demonstrated

by comparative autosomal STR data (Tishkoff et al., 2009; Bryc et al., 2010).
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This research underlines some forensic implications and highlights the need to consider population
differences. The moderate differentiation among Nigerian ethnic groups suggests that population
substructure should be regarded in forensic calculations, such as random match probabilities and
likelihood ratios. Additionally, the Hardy-Weinberg and linkage equilibrium assumptions may not
always be valid when combining these diverse Nigerian groups. While Hardy-Weinberg
equilibrium may hold for individual subpopulations, combining them could still introduce bias
related to population structure. The findings of the AMOVA analysis indicate that the majority of
autosomal STR differentiation occurs within populations, with moderate differentiation observed
among various populations and geographic regions. Y-STR markers help trace paternal ancestry
because they are passed down from father to son and do not undergo recombination along most of
the Y chromosome, which helps keep specific genetic traits associated with each lineage. They
provide a more straightforward way to identify a male lineage and its evolution. The high resolution
of Y-STRs enables the effective tracing of male lineages in various contexts, including criminal
investigations, paternity testing, and ancestry research. Nigerian populations can help create
reference Y-STR databases, which aid in distinguishing between suspects from different ethnic or
regional backgrounds. Research findings support the inclusion of allele frequencies specific to the
Igbo, Yoruba, and Hausa-Fulani populations in forensic STR databases, such as the Y-STR
Haplotypic Reference Database (YHRD). This will improve quality assurance, forensic
identification, population databasing, and standardisation as it enhances confidence during forensic

investigation.

7.2  FUTURE WORK

This thesis, along with other published research, has contributed to the development of a national
STR allele frequency database for the Igbo, Yoruba, and Hausa-Fulani ethnolinguistic groups.
However, establishing population-specific autosomal and Y-STR allele frequency databases for
other Nigerian ethnolinguistic groups, such as [jaw, Benin, Tiv, Ibibio, and Nupe, would enhance
the calculation of forensic random match probabilities and improve international casework
collaborations. While Nigeria is home to over 300 ethnic groups, only a few—namely the Igbo,
Yoruba, Hausa, and Fulani—have been genetically characterised. Future research should include
minority and indigenous populations to capture the full spectrum of Nigeria's genetic diversity.
This approach will curtail the likelihood of bias due to population differences and promote more
inclusivity in forensic science. The application of other genetic markers, such as Rapidly Mutating
Y-STRs (RM-YSTRs), can be helpful, especially in cases involving closely related male
individuals. Incorporating such makers could be essential. RM-YSTRs mutate more often than

standard Y-STRs, which can help to effectively discriminate against closely associated males, like
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fathers, sons, brothers, and cousins. Using Y-STRs can help solve cases involving close male
relatives in criminal investigations and paternity tests. It is also a good idea to look into
microhaplotypes and SNP panels for tracing ancestry and identifying individuals in complex cases,

especially those with degraded samples.

Future work should prioritise the study of female lineage and biogeographic inference.
Mitochondrial DNA (mtDNA) sequencing can effectively trace maternal ancestry and improve our
understanding of family history when used with Y-STR data. Future studies should utilise mtDNA
sequencing in conjunction with Y-STR data to aid in tracing maternal family lines and historical
migration paths. This combined approach can significantly support efforts to determine the origin
of individuals, particularly in cases involving unidentified remains or missing persons. Using Next-
Generation Sequencing (NGS) techniques can significantly enhance these efforts in forensic
science. NGS allows for various analyses beyond short tandem repeats (STRs). It can
simultaneously analyse autosomal STRs, X-STRs, Y-STRs, mitochondrial DNA (mtDNA) and
single nucleotide polymorphisms (SNPs). This method is helpful for future investigations because
it can identify unknown individuals, predict DNA traits, and untangle complex mixtures of DNA

from several sources.

Additionally, it is advisable to focus on forensic validation and standardisation. Validating STR
kits in local settings and aligning with international guidelines, such as ISO 17025 and ISFG, will
promote effective forensic practices in Nigeria. To ensure their reliability, validation studies on
STR kits, such as the GlobalFiler™ Express Kit and the Promega PowerPlex® Y23 System Kit,
should be conducted under local laboratory conditions. Policy and capacity development must be
taken seriously. The Nigerian legislature should prioritise advocacy for a national forensic
infrastructure, training programs, and ethical guidelines to advance forensic genetic practice and
research in Nigeria. The importance of creating a national forensic genetics institute or unit cannot
be overemphasised. This should involve partnerships between the government and academic
institutions. The government must also improve forensic DNA analysis, bioinformatics, and
population genetics training programs. Ethical frameworks for sample collection, informed

consent, and data protection in forensic and research contexts should also be promoted.
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Participant Information Sheet

Name of department: Department of Pure and Applied Chemistry
Title of the study: Comparative Population Genetic Study of some STR Kits in the Nigerian Population

Introduction
Chief Investigator: Co-Investigator:
Name: Dr Penny Haddrill Name: Daniel Awomukwu
Status: PhD supervisor Status: PhD Student
Tel.- 0141 548 4337 Tel.: UK: +44 (0) 751 689 3262
E-mail: penny.haddrili@strath.ac.uk Nigeria: +234 806 365 7688

E-mail: daniel.awomukwu@strath.ac.uk

What is the purpose of this investigation?
The aim of this research is to analyse the population genetics of unrelated Nigerian individuals from three different

ethnic groups using a 17 locus STR kit, 24 locus STR kit, and Y-STR kit in order to determine which would be the
preferred STR kit for forensic analysis and the development of a national DNA database in Nigeria.

Why have you been invited to take part?
The aim of the project is to generate allele and genotype frequencies for the different STR markers in the different

population sub-groups of Nigeria. It is essential that these samples are collected from volunteers who originate
from Nigerian populations; these samples cannot be simulated. All Nigerian participants over 18 in age are
welcomed to provide blood samples.

Do you have to take part?
This study involves participants donating blood samples. Participation in this research is entirely voluntary and you

have the right to refuse to participate without giving a reason; refusing to participate will not negatively affect you
in any way. You also have the right to withdraw from this research at any time up to the completion of the project
(June 2020) without detriment and without giving a reason and ask for your samples and data to be destroyed.

What will you do in the project?

You will be required to provide small blood sample, collected by a trained investigator using a sterile lancet to make
a ‘finger prick’, and blood deposited onto a collection card. DNA will be extracted from the samples and analysed
at the University of Strathclyde in the UK. No payments will be provided for taking part in this research. When you
sign the consent form, you will also be asked to provide information about your ethnicity, which will allow the
researchers to look for genetic associations between different population groupings.

What are the potential risks to you in taking part?
The collection of blood using a lancet carries a small risk of infection to the donor, which will be minimised with the

use of alcohol wipes and participants will be given a plaster following donation. In addition, participants will only be
asked to handle their own samples. In this way, the chances of infection will be substantially reduced and will be
negligible.

269



**j,
Universityof <X

N

Strathclyde

Glasgow

What happens to the information in the project?
If you volunteer to take part in the project, we will collect a blood sample from you, and the DNA will be extracted

from this and analysed to produce a DNA profile. We will also take your name, which will be associated with your
sample using a code, until the end of the project when we will delete your name so that we no longer have your
identity (see below). The only other information we will collect is your ethnicity, which we will associate with your
sample so that we can compare samples from different population groups within Nigeria.

Who will have access to the information?

All participants’ information will be kept confidential. In order to preserve anonymity, samples will be labelled with
a code that does not contain any information allowing the participant to be identified, except for by the investigators.
This will allow a participant's data to be identified, removed and destroyed should they subsequently wish to
withdraw from the study. Once the project is completed, the codes linking identity with the samples will be deleted
and after this point participants will no longer be able to withdraw from the study, as the destruction of the codes
will mean that their data will be fully anonymised.

Where will the information be stored and how long will it be kept for?

Collected blood samples on FTA cards will be kept in a laboratory with restricted access in the Regional Centre for
Bioresources and carefully retumed from Nigeria to the Centre for Forensic Science laboratory, University of
Strathclyde, Glasgow, where it will be stored in secure restricted access laboratory in the forensic DNA suite
(R6.24). They will be kept in a Multi-Barrier Pouch with a desiccant packet. Access to the FTA cards in the
laboratory will be restricted to only the research investigators, Dr. Penny Haddrill and Daniel Awomukwu.

All data outputs will be stored electronically on password-protected computers only accessible by the investigators.
Electronic data may be retained indefinitely in this form, and no information will be put onto any databases. All
blood samples will be securely disposed within one year of the end date of the research, which is estimated to be
in June 2020

If you agree to participate and sign a consent form to indicate this, your signed consent form will be retained at the
University of Strathclyde for a period of five years.

The outcomes of this study will be written into a PhD thesis by co-investigator Daniel Awomukwu. In addition, it is
envisaged that the outcomes of this study will be written into journal/conference publication(s). In neither form of
publication will any information be included that could allow the participants to be identified.

Thank you for reading this information — please ask any questions if you are unsure about what is written here.

Please also read our Privacy Notice for Research Participants, a copy of which will be provided to you by the
researcher with this information sheet.

What happens next?

If you are happy to be involved in the project, please sign the consent form provided to confirm this. Please note
that participants will not be informed of the specific results of the tests but will be supplied with electronic copies of
any resulting publications upon request.

If you do not want to be involved in the project, we would like to thank you for your attention.

The place of useful leamning

he University of Strathclyde is a charitable body, registered in Scotland, number SC015263
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Glasgow

Researcher contact details:

Daniel Awomukwu

Centre for Forensic Science

Department of Pure and Applied Chemistry

University of Strathclyde

Royal College, 204 George Street, Glasgow, G1 1XW
Telephone: +44 (0)751 689 3262

Chief Investigator details:

Dr Penny Haddrill,

Centre for Forensic Science

Department of Pure and Applied Chemistry
University of Strathclyde

Royal College, 204 George Street, Glasgow, G1 1XW
Telephone: 0141 548 4377

E-mail: penny_haddrill@strath.ac.uk

This investigation was granted ethical approval by the Department of Pure and Applied Chemistry Ethics
Committee.

If you have any questions/concermns, during or after the investigation, or wish to contact an independent person to
whom any questions may be directed or further information may be sought from, please contact:

Secretary to the University Ethics Committee
Research & Knowledge Exchange Services
University of Strathclyde

Graham Hills Building

50 George Street

Glasgow

G11QE

Telephone: 0141 548 3707
Email: ethics@strath.ac.uk

The place of useful learning
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APPENDIX 2
CONSENT FORM

**'A
Universityof <X

Strathclyﬁe

Glasgow

Consent Form

Name of department: Pure and Applied Chemistry
Title of the study: Comparative Population Genetic Study of some STR kits in the Nigerian Population

= I confirm that | have read and understood the information sheet for the above project and the researcher has
answered any queries to my satisfaction.

= | confirm that | have read and understood the Privacy Notice for Participants in Research Projects and
understand how my personal information will be used and what will happen to it (i.e. how it will be stored and
for how long).

= | understand that my participation is voluntary and that | am free to withdraw from the project at any time, up
to the point of completion, without having to give a reason and without any consequences. If | exercise my
right to withdraw and | don’t want my data to be used, any data which have been collected from me will be
destroyed. However, | understand that upon the completion of the study 1 will no longer be able to withdraw.

= | understand that any information recorded in the investigation will remain confidential and no information that
identifies me will be made publicly available.

= | consent to being a participant in the project.

= | understand that | will be asked to donate a blood sample, collected by the investigators using a sterile
lancet.

= | consent to the DNA in my sample being analysed.

= | understand that all of my biological samples will be securely destroyed within one year of the end of the
project, which is estimated to be on the 1st June 2020

= | consent to the taking of biological samples from me and understand that they will be the property of the
University of Strathclyde.

(PRINT NAME)

Signature of Participant: Date:
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APPENDIX 3
SAMPLE COLLECTION REQUEST LETTER

University of

Strathclyde

Glasgow

STUDENT EXPERIENCE & ENHANCEMENT SERVICES

20th November 2020
To Whom It May Concern,
Dear Sir/Ma,

Request for Collection of Blood Samples from Voluntary Donors for the Development of a Non-
Offenders DNA Database for Forensic Investigation in Nigeria

I humbly wish to request permission to collect some blood samples on an FTA card from voluntary donors
in your reputable organisation for the completion of the research project involving the population genetics
analysis of 500 unrelated Nigerian individuals from three different ethnic groups (Igbo, Yoruba, Hausa-
Fulani). The project is aimed to develop an allele frequency database for forensic investigation in Nigeria.
The data will be returned to the United Kingdom for DNA profiling and data processing.

The data collection was initially ongoing across some states last month but was halted by the EndSARS
protest, which has posed a minimal time for completion. Your establishment will provide a fertile ground
for the completion in a record time. The ethical clearance for the research has already been carried out at
the Centre for Forensic Science, Glasgow, United Kingdom.

I shall be most grateful if my request is granted as soon as possible to enable a quick sample collection
from the various ethnic groups within this short period.

Should you require any additional information, don't hesitate to contact me at +234806365788 or e-mail
daniel.awomukwu @strath.ac.uk.

I look forward to hearing from you.
Kindly accept my assurance of goodwill.

Thank you, and kind regards,

Daniel Awomukwu

PhD Researcher,

Centre for Forensic Science,
University of Strathclyde,
Glasgow, United Kingdom.

BGF UK TOP 20 RESEARCH-
INTENSIVE UNIVERSITY

'I'Il UK UNIVERSITY OF THE
YEAR WINNER

'I'“ UK ENTREPRENEURIAL
UNIVERSITY OF THE
YEAR WINNER
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APPENDIX 4
ALLELE FREQUENCIES AT THO01 WITH GRAPHS BY POPULATION FOR
QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at THO1 for Nigeria (n=303)
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ALLELE FREQUENCIES AT D3S1358 WITH GRAPHS BY POPULATION FOR

APPENDIX 5

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D3S1358 for Nigeria (n=303)
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APPENDIX 6

ALLELE FREQUENCIES AT vWA WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at vWA for Nigeria (n=303)
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APPENDIX 7

ALLELE FREQUENCIES AT D21S11 WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D21S11 for Nigeria (n=303)
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APPENDIX 8

ALLELE FREQUENCIES AT D16S539 WITH GRAPHS BY POPULATION FOR
QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D16S539 for Nigeria (n=303)
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APPENDIX 9

ALLELE FREQUENCIES AT D16S1656 WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D16S1656 for Nigeria (n=303)
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APPENDIX 10

ALLELE FREQUENCIES AT D19433 WITH GRAPHS BY POPULATION FOR
QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D19S433 for Nigeria (n=303)
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APPENDIX 11

ALLELE FREQUENCIES AT SE33 WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at SE33 for Nigeria (n=303)
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APPENDIX 12

ALLELE FREQUENCIES AT D10S1248 WITH GRAPHS BY POPULATION FOR
QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D10S1248 for Nigeria (n=303)
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APPENDIX 13

ALLELE FREQUENCIES AT D22S1045 WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D22S1045 for Nigeria (n=303)
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APPENDIX 14

ALLELE FREQUENCIES AT D12S391 WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D12S391 for Nigeria (n=303)
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APPENDIX 15

ALLELE FREQUENCIES AT D8S1179 WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D8S1179 for Nigeria (n=303)
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APPENDIX 16

ALLELE FREQUENCIES AT D2S1338 WITH GRAPHS BY POPULATION FOR
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APPENDIX 17

ALLELE FREQUENCIES AT D2S441 WITH GRAPHS BY POPULATION FOR
QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D2S441 for Nigeria (n=303)
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APPENDIX 18

ALLELE FREQUENCIES AT D18S51 WITH GRAPHS BY POPULATION FOR

QIAGEN™ INVESTIGATOR ESSPLEX SE QS KIT

Allele Frequency at D18S51 for Nigeria (n=303)
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APPENDIX 19

ALLELE FREQUENCIES AT FGA WITH GRAPHS BY POPULATION FOR
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APPENDIX 20

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM EXACT TEST ANALYSES FOR
THE NIGERIAN POPULATION USING THE QIAGEN™ INVESTIGATOR ESSPLEX

SE QS KIT
Population Locus Number of Number Chi- Monte- Bonferroni- Significance  Significance
Individuals of alleles square Carlo corrected at o =0.05 after
observed statistic p-value p-value (uncorrected) Bonferroni
correction
(a.=0.05)

Nigerians THO1 303 6 12.82405  0.976605 1 False False
Nigerians ~ D3S1358 303 9 7.28673 0.995001 1 False False
Nigerians vWA 303 10 30.54965  0.784243 1 False False
Nigerians D21S11 303 16 80.368 0.063187 1 False False
Nigerians ~ D16S539 303 7 9.203718 0.9976 1 False False
Nigerians  D1S1656 303 16 40.32146  0.443511 1 False False
Nigerians ~ D19S433 303 14 48.23306  0.442511 1 False False
Nigerians SE33 303 34 270.9083 0.15237 1 False False
Nigerians  D10S1248 303 12 115.0732  0.763647 1 False False
Nigerians ~ D22S1045 303 10 9.33361 0.786043 1 False False
Nigerians ~ D12S391 303 14 34.72459  0.838632 1 False False
Nigerians  D8S1179 303 8 7.397778  0.988802 1 False False
Nigerians ~ D2S1338 303 13 5797766  0.09818 1 False False
Nigerians D2S441 303 9 13.40862  0.886623 1 False False
Nigerians D18S51 303 18 74.38051  0.829234 1 False False
Nigerians FGA 303 19 75.43546  0.458908 1 False False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (a = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 21

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM EXACT TEST ANALYSES FOR
THE IGBO SUBPOPULATION USING THE QIAGEN™ INVESTIGATOR ESSPLEX SE

QS KIT
Population Locus Number of Number Chi- Monte- Bonferroni- Significance Significance
Individuals of alleles square Carlo p-  corrected at o =0.05 after
observed statistic value p-value (uncorrected) Bonferroni
correction
(0= 0.05)

Igbo THO1 102 6 12.56558  0.673665 1 False False
Igbo D3S1358 102 7 9.178982  0.869626 1 False False
Igbo vWA 102 9 15.0321 0.329934 1 False False
Igbo D21S11 102 14 84.04559  0.054189 0.867027 False False
Igbo D16S539 102 7 12.61546  0.604479 1 False False
Igbo D1S1656 102 13 42.11756  0.241152 1 False False
Igbo D19S433 102 11 8.336365  0.995401 1 False False
Igbo SE33 102 24 125.243 0.212158 1 False False
Igbo D10S1248 102 11 81.37624  0.095781 1 False False
Igbo D22S1045 102 9 9.864757  0.59888 1 False False
Igbo D12S391 102 9 22.48101  0.690462 1 False False
Igbo D8S1179 102 8 12.29534  0.680864 1 False False
Igbo D2S1338 102 12 45.57405  0.175765 1 False False
Igbo D2S441 102 7 17.77555  0.422316 1 False False
Igbo D18S51 102 15 23.75232  0.242951 1 False False
Igbo FGA 102 14 38.54851  0.227355 1 False False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (a = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 22

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM EXACT TEST ANALYSES FOR
THE YORUBA SUBPOPULATION USING THE QIAGEN™ INVESTIGATOR
ESSPLEX SE QS KIT

Population Locus Number of Number Chi- Monte- Bonferroni- Significance Significance
Individuals of alleles square Carlo p-  corrected at a=0.05 after
observed statistic value p-value (uncorrected) Bonferroni
correction
(a=0.05)

Yoruba THO1 101 5 5.382998  0.897021 1 False False
Yoruba D3S1358 101 7 11.72803  0.586083 1 False False
Yoruba vWA 101 10 37.38235  0.238352 1 False False
Yoruba D21S11 101 15 117.0436  0.010398 0.166367 True False
Yoruba D16S539 101 7 12.3066  0.408118 1 False False
Yoruba DI1S1656 101 15 31.7913 0.154369 1 False False
Yoruba D19S433 101 12 31.98178  0.40012 1 False False
Yoruba SE33 101 27 101.3085 0.40052 1 False False
Yoruba D10S1248 101 8 8.798508  0.881624 1 False False
Yoruba D22S1045 101 10 11.7162  0.091182 1 False False
Yoruba D12S391 101 11 20.01557  0.517696 1 False False
Yoruba D8S1179 101 8 8.853617  0.955409 1 False False
Yoruba D2S1338 101 13 33.26308  0.389722 1 False False
Yoruba D2S441 101 8 5.690595  0.904419 1 False False
Yoruba D18S51 101 13 30.90531  0.925015 1 False False
Yoruba FGA 101 17 32.15183  0.579284 1 False False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (o = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 23

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM EXACT TEST ANALYSES FOR
THE HAUSA-FULANI SUBPOPULATION USING THE QIAGEN™ INVESTIGATOR
ESSPLEX SE QS KIT

Population Locus Number of Number Chi- Monte- Bonferroni- Significance  Significance
Individuals of alleles square Carlo p-  corrected at o =0.05 after
observed  statistic value p-value (uncorrected) Bonferroni
correction
(a.=0.05)

Hausa-Fulani THO1 100 5 2.156385  0.991602 1 False False
Hausa-Fulani  D3S1358 100 8 6.010559  0.544491 1 False False
Hausa-Fulani vWA 100 9 18.66617  0.337333 1 False False
Hausa-Fulani D21S11 100 16 85.01735  0.024195 0.387123 True False
Hausa-Fulani  D16S539 100 7 7.997039 0910818 1 False False
Hausa-Fulani  DI1S1656 100 17 52.47816  0.268946 1 False False
Hausa-Fulani D19S433 100 8 32.47814 0.176941 1 False False
Hausa-Fulani SE33 100 28 180.5768  0.943011 1 False False
Hausa-Fulani  D10S1248 100 9 7.630565  0.829634 1 False False
Hausa-Fulani  D22S1045 100 9 13.57248  0.494701 1 False False
Hausa-Fulani  D12S391 100 12 15.42037  0.882424 1 False False
Hausa-Fulani  D8S1179 100 8 5.151131  0.990802 1 False False
Hausa-Fulani  D2S1338 100 12 94.52539  0.033989  0.543819 True False
Hausa-Fulani D2S441 100 8 6.439795  0.876825 1 False False
Hausa-Fulani D18S51 100 15 60.97538  0.733453 1 False False
Hausa-Fulani FGA 100 15 58.96937  0.614277 1 False False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (a = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 24

NEI’S GENETIC DISTANCE PAIRWISE POPULATION MATRIX FOR THE
QIAGEN™ INVESTIGATOR® ESSPLEX SE QS KIT

0.000
0.005 0.000
0.087 0.086 0.000

*Egypt is included as an outgroup.
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APPENDIX 25

NEI’S GENETIC IDENTITY PAIRWISE POPULATION MATRIX FOR THE
QIAGEN™ INVESTIGATOR® ESSPLEX SE QS KIT

1.000
0.995 1.000
0.913 0914 1.000

*Egypt is included as an outgroup.
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APPENDIX 26
MEAN LnP(K)=SD AND DELTA K VALUES FOR THE QIAGEN™ INVESTIGATOR

ESSPLEX SE QS KIT

K Reps Mean LnP(K) SD LnP(K) Ln'(K) |Ln"(K)| Delta K
1 5 -19120.9 0.75166 NA NA NA

2 5 -19191.1 18.32389 -70.2 10.92 0.59594
3 5 -19272.2 58.03548 -81.12 129.14 2.22519
4 5 -19482.5 141.7526 -210.26  236.12 1.66572
5 5 -19456.6 212.6896 25.86 610.8 2.87179
6 5 -20041.6 429.2856 -584.94  830.56 1.93475
7 5 -19795.9 643.0521 245.62 234 0.36389
8 5 -19784.3 478.9833 11.62 378.8 0.79084
9 5 -20151.5 1068.673 -367.18 631.7 0.59111
10 5 -19887 552.3188 264.52 NA NA

The peak of Delta K (K = 5), indicating the optimal number of clusters, is highlighted in red.
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APPENDIX 27

ALLELE FREQUENCY DISTRIBUTION AT D3S1358 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D3S1358 for Nigeria (n=303)
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APPENDIX 28

ALLELE FREQUENCY DISTRIBUTION AT vWA BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at vVWA for Nigeria (n=303)
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APPENDIX 29

ALLELE FREQUENCY DISTRIBUTION AT D16S539 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D16S539 for Nigeria (n=303)
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APPENDIX 30

ALLELE FREQUENCY DISTRIBUTION AT CSF1PO BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at CSF1PO for Nigeria (n=303)
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APPENDIX 31

ALLELE FREQUENCY DISTRIBUTION AT TPOX BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at TPOX for Nigeria (n=303)

0.400
= 0.300 0.289 0959
[
@ 0.177
T 0000 o ' . 9995 9002  0.002
0ooo | [ om
6 7 8 1 12 13 14
Allele
Allele Frequency at TPOX for Igbo (n=102)
0.300 0.260 0.255
§:>" 0.200 0.167
9 0.123
o 0.093
S:, 0.100 0.049 0.049
| B 000 9%
0.000 -
6 7 8 12 13 14
Allele
Allele Frequency at TPOX for Yoruba (n=101)
0.300 0.267
0.243 0.218
>
2 0.200
S 0.134
g 0.074
® 0.100
i 0.040 0.025
0.000 0.000
0.000 — —_—
6 1 12 13 14
Allele
Allele Frequency at TPOX for Hausa (n=100)
0.400 0.365
% 0.300
=
$ 0.200
o
£ 0.100
[T . B 0
- : 0.025  0.005  0.000
0.000 - | | I
6 7 8 9 10 11 12 13 14

301




APPENDIX 32

ALLELE FREQUENCY DISTRIBUTION AT D8S1179 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D8S1179 for Nigeria (n=303)
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APPENDIX 33

ALLELE FREQUENCY DISTRIBUTION AT D21S11 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D21S11 for Nigeria (n=303)
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APPENDIX 34

ALLELE FREQUENCY DISTRIBUTION AT D18S51 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D18S51 for Nigeria (n=303)
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APPENDIX 35

ALLELE FREQUENCY DISTRIBUTION AT D2S441 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D2S441 for Nigeria (n=303)
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APPENDIX 36

ALLELE FREQUENCY DISTRIBUTION AT D19S433 BY POPULATION USING
GLOBALFILER™ EXPRESS KIT

Allele Frequency at D19S433 for Nigeria (n=303)
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APPENDIX 37

ALLELE FREQUENCY DISTRIBUTION AT TH01 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at THO1 for Nigeria (n=303)
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APPENDIX 38

ALLELE FREQUENCY DISTRIBUTION AT FGA BY POPULATION USING
GLOBALFILER™ EXPRESS KIT

Allele Frequency at FGA for Nigeria (n=303)
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APPENDIX 39

ALLELE FREQUENCY DISTRIBUTION AT D22S1045 BY POPULATION USING
GLOBALFILER™ EXPRESS KIT
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APPENDIX 40

ALLELE FREQUENCY DISTRIBUTION AT D5S818 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D5S818 for Nigeria (n=303)
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APPENDIX 41

ALLELE FREQUENCY DISTRIBUTION AT D13S317 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D13S317 for Nigeria (n=303)
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APPENDIX 42

ALLELE FREQUENCY DISTRIBUTION AT D7S820 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D7S820 for Nigeria (n=303)
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APPENDIX 43

ALLELE FREQUENCY DISTRIBUTION AT SE33 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at SE33 for Nigeria (n=303)
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APPENDIX 44

ALLELE FREQUENCY DISTRIBUTION AT D10S1248 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D10S1248 for Nigeria (n=303)
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APPENDIX 45

ALLELE FREQUENCY DISTRIBUTION AT D1S1656 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D1S1656 for Nigeria (n=303)
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APPENDIX 46

ALLELE FREQUENCY DISTRIBUTION AT D12S391 BY POPULATION USING

GLOBALFILER™ EXPRESS KIT

Allele Frequency at D12S391 for Nigeria (n=303)

0.400 0.318
% 0.300
S 0.193
3 0.200 0.139 0.134
(0]
£ 0.100 0074 o I 0.046 518 0:021 5005 0002
0.000 ’J T - T T T - — T . T ' 1
15 16 17 18 19 20 21 22 23 24 25
Allele
Allele Frequency at D12S391 for Igbo (n=102)
0.400 0.394
>
2 0.300 0.216
o 0-147
qg,_ 0.200 0.118 AV i
= 0.100 w_masa_. 0:044—( 025
0.010  0.000 0.000
0.000 N ‘ [ ‘ ‘ ‘ S -
15 16 17 18 19 20 21 22 23 24 25
Allele
Allele Frequency at D12S391 for Yoruba (n=101)
0.400
0.302
2 0.300
5 0.188
S 0.200 0.158 013
g 0.099
T 0.100 -
I ] 0.025 I . 0.035 (.020 0.030 0.000 0.005
0.000 - — ‘ - . ‘ ‘
15 16 17 18 23 24 25
Allele
Allele Frequency at D12S391 for Hausa (n=100)
% 0.300
=
@ 0.175
:!'; 0.200 0.1740 0.115
o 0.065 0.070 0.060
0.100
- l I 0.010 9025 0010 000
0.000 . | | — |
22 23 24 25
Allele

316




APPENDIX 47

ALLELE FREQUENCY DISTRIBUTION AT D2S1338 BY POPULATION USING
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APPENDIX 48

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM CHI-SQUARE ANALYSES FOR
THE NIGERIAN POPULATION USING THE GLOBALFILER™ EXPRESS KIT

Population Locus Number of Number Chi- Monte- Bonferroni- Significance Significance
Individuals of alleles square Carlo corrected at a=0.05 after
observed  statistic p-value p-value (uncorrected) Bonferroni
correction
(a=0.05)

Nigerians ~ D3S1358 303 9 7.28673 0.994001 1 False False
Nigerians vWA 303 10 30.54965 0.90222 1 False False
Nigerians  D16S539 303 7 8.713353  0.981804 1 False False
Nigerians CSF1PO 303 14 28.97867  0.960008 1 False False
Nigerians TPOX 303 9 40.34105  0.720056 1 False False
Nigerians  D8S1179 303 8 7.397778  0.995601 1 False False
Nigerians D21S11 303 17 111.6167  0.071986 1 False False
Nigerians D18S51 303 18 78.44886  0.84903 1 False False
Nigerians D2S441 303 9 17.78658  0.877624 1 False False
Nigerians ~ D19S433 303 14 48.23306  0.443111 1 False False
Nigerians THO1 303 6 12.9297 0.977205 1 False False
Nigerians FGA 303 19 75.43546 0.4975 1 False False
Nigerians ~ D22S1045 303 10 9.33361 0.79904 1 False False
Nigerians D5S818 303 9 29.91231 0.4989 1 False False
Nigerians ~ D13S317 303 11 139.3614  0.705859 1 False False
Nigerians D7S820 303 8 327.4664  0.310138 1 False False
Nigerians SE33 303 34 307.5308  0.346131 1 False False
Nigerians  D10S1248 303 12 114.7878  0.729454 1 False False
Nigerians  D1S1656 303 16 4542333 0.330534 1 False False
Nigerians ~ D12S391 303 14 3541532 0.896421 1 False False
Nigerians ~ D2S1338 303 13 61.24565 0.110178 1 False False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (a = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 49

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM CHI-SQUARE ANALYSES FOR
THE IGBO SUBPOPULATION USING THE GLOBALFILER™ EXPRESS KIT

Population Locus Number of Number Chi- Monte- Bonferroni- Significance Significance
Individuals of alleles square Carlo corrected at a=0.05 after
observed  statistic p-value p-value (uncorrected) Bonferroni
correction
(a=0.05)

Igbo D3S1358 102 7 9.178982  0.876425 1 False False
Igbo vWA 102 9 15.0321 0.291742 1 False False
Igbo D16S539 102 7 8.410514  0.85163 1 False False
Igbo CSF1PO 102 10 10.15917  0.945411 1 False False
Igbo TPOX 102 8 27.48747  0.609078 1 False False
Igbo D8S1179 102 8 12.29534  0.675265 1 False False
Igbo D21S11 102 14 84.04559 0.054189 0.867027 False False
Igbo D18S51 102 16 25.65916  0.138572 1 False False
Igbo D2S441 102 8 19.58584  0.403519 1 False False
Igbo D19S433 102 11 8.336365  0.993401 1 False False
Igbo THO1 102 6 12.103 0.69966 1 False False
Igbo FGA 102 14 38.54851  0.169366 1 False False
Igbo D22S1045 102 9 9.864757  0.611078 1 False False
Igbo D5S818 102 8 7.711801  0.868026 1 False False
Igbo D13S317 102 10 206.6647  0.229954 1 False False
Igbo D7S820 102 6 21.31307  0.275745 1 False False
Igbo SE33 102 24 125.3425 0.34893 1 False False
Igbo D10S1248 102 11 81.37624  0.088782 1 False False
Igbo D1S1656 102 13 42.11756  0.164167 1 False False
Igbo D12S391 102 10 23.63335 0.69846 1 False False
Igbo D2S1338 102 12 55.31386  0.083383 1 False False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (o = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 50

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM CHI-SQUARE ANALYSES FOR
THE YORUBA SUBPOPULATION USING THE GLOBALFILER™ EXPRESS KIT

Population Locus Number of Number Chi- Monte- Bonferroni- Significance Significance
Individuals of alleles square Carlo corrected at a=0.05 after
observed  statistic p-value p-value (uncorrected) Bonferroni
correction
(a=0.05)

Yoruba D3S1358 101 7 11.72803  0.654869 1 False False
Yoruba vWA 101 10 37.38235  0.269346 1 False False
Yoruba D16S539 101 7 12.3066 0.486103 1 False False
Yoruba CSF1PO 101 10 23.26806  0.187962 1 False False
Yoruba TPOX 101 7 18.27621  0.543491 1 False False
Yoruba D8S1179 101 8 8.853617  0.927614 1 False False
Yoruba D21S11 101 15 117.0436  0.007998 0.167966 True False
Yoruba D18S51 101 13 30.90531  0.904619 1 False False
Yoruba D2S441 101 8 6.553908  0.922216 1 False False
Yoruba D19S433 101 12 31.98178  0.423715 1 False False
Yoruba THO1 101 5 5.382998  0.876625 1 False False
Yoruba FGA 101 17 32.15183  0.607279 1 False False
Yoruba D22S1045 101 10 11.7162 0.10198 1 False False
Yoruba D5S818 101 8 13.08741  0.536893 1 False False
Yoruba D13S317 101 9 103.4509  0.566687 1 False False
Yoruba D7S820 101 7 8.373012  0.720056 1 False False
Yoruba SE33 101 27 121.3148  0.312737 1 False False
Yoruba D10S1248 101 8 8.798508  0.885023 1 False False
Yoruba D1S1656 101 15 37.42969  0.128174 1 False False
Yoruba D12S391 101 11 22.22012  0.59948 1 False False
Yoruba D2S1338 101 13 33.26308  0.410918 1 False False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (o = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 51

SUMMARY OF HARDY-WEINBERG EQUILIBRIUM CHI-SQUARE ANALYSES FOR
THE HAUSA-FULANI SUBPOPULATION USING THE GLOBALFILER™ EXPRESS

KIT
Population Locus Number of Number Chi- Monte- Bonferroni- Significance  Significance
Individuals of alleles square Carlo corrected at o =0.05 after
observed  statistic p-value p-value (uncorrected) Bonferroni
correction
(a.=0.05)

Hausa-Fulani  D3S1358 100 8 6.010559  0.560088 1 False False
Hausa-Fulani vWA 100 9 18.66617 0.35213 1 False False
Hausa-Fulani  D16S539 100 7 7.835599  0.929014 1 False False
Hausa-Fulani CSF1PO 100 10 23.09603  0.580684 1 False False
Hausa-Fulani TPOX 100 8 14.27765  0.182763 1 False False
Hausa-Fulani  D8S1179 100 8 5.151131  0.983203 1 False False
Hausa-Fulani D21S11 100 17 108.5235  0.009198 0.193161 True False
Hausa-Fulani D18S51 100 15 60.97538  0.728454 1 False False
Hausa-Fulani D2S441 100 8 7.382894  0.935413 1 False False
Hausa-Fulani  D19S433 100 8 32.47814  0.176941 1 False False
Hausa-Fulani THO1 100 5 2.156385  0.994801 1 False False
Hausa-Fulani FGA 100 15 58.96937  0.660868 1 False False
Hausa-Fulani  D22S1045 100 9 13.57248  0.538492 1 False False
Hausa-Fulani D5S818 100 8 108.5186  0.062787 1 False False
Hausa-Fulani  D13S317 100 7 0.709464  0.994601 1 False False
Hausa-Fulani D7S820 100 7 109.8896  0.029594  0.621476 True False
Hausa-Fulani SE33 100 28 175.1946  0.955009 1 False False
Hausa-Fulani  D10S1248 100 9 6.258621  0.884223 1 False False
Hausa-Fulani  DI1S1656 100 16 59.87861  0.302939 1 False False
Hausa-Fulani  D12S391 100 12 15.42037  0.868626 1 False False
Hausa-Fulani  D2S1338 100 12 94.52539  0.033989  0.543819 True False

Significance at a = 0.05 (uncorrected)
True — Significant deviation from HWE at o = 0.05 (uncorrected)

False — No significant deviation (uncorrected)

Significance after Bonferroni correction (a = 0.05)
True — Significant deviation from HWE after Bonferroni correction

False — No significant deviation after correction
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APPENDIX 52

NEI’S GENETIC DISTANCE PAIRWISE POPULATION MATRIX FOR THE
GLOBALFILER™ EXPRESS KIT

0.000
0.023 0.000
0.089 0.086 0.000

*Egypt is included as an outgroup.
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APPENDIX 53

NEI’S GENETIC IDENTITY PAIRWISE POPULATION MATRIX FOR THE
GLOBALFILER™ EXPRESS KIT

1.000
0.977 1.000
0.913 0.914 0.000

*Egypt is included as an outgroup.
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APPENDIX 54
MEAN LnP(K)=SD AND DELTA K VALUES FOR THE GLOBALFILER™ EXPRESS

KIT

K Reps Mean LnP(K) SD LnP(K) Ln'(K) |Ln"(K)| Delta K

1 5 -24131.4 0.96799 NA NA NA

2 5 -24183.7 14.41676 -52.24 22.18 1.53849
3 5 -24258.1 57.65264 -74.42 122.46 2.1241

4 5 -24455 154.7978 -196.88 51.1 0.33011
5 5 -24702.9 160.6426 -24798  166.02 1.03347
6 5 -24784.9 442.1469 -81.96 54.28 0.12276
7 5 -24812.6 315.2258 -27.68 53.96 0.17118
8 5 -24894.2 438.8419 -81.64 64.42 0.1468

9 5 -24911.4 513.501 -17.22 151.6 0.29523
10 5 -25080.3 668.7386 -168.82 NA NA

The peak of Delta K (K = 3), indicating the optimal number of clusters, is highlighted in red.
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APPENDIX 55

ALLELE FREQUENCIES AT DYS576 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT
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APPENDIX 56

ALLELE FREQUENCIES AT DYS3891 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS389I for Nigeria (n=167)
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APPENDIX 57

ALLELE FREQUENCIES AT DYS448 WITH GRAPHS BY POPULATION
FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS448 for Nigeria (n=167)
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APPENDIX 58

ALLELE FREQUENCIES AT DYS38911 WITH GRAPHS BY POPULATION

0.400

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS389Il for Nigeria (n=167)

0.323
> 0.300 0.275
S 0.186 0.198
> 0.200
o
0.000 - ; ;
29 30 31 32 33
Allele
Allele Frequency at DYS389ll for Igbo (n=60)
0.400 0.333
2 0.300
[
S 0.200 0.167
(o8
o
0.000 - x x :
29 33
Allele
Allele Frequency at DYS389II for Yoruba (n=55)
0.500 0382
> 0.400 -
o 0.291
0.300
% 0,200 0.200
o 0.091
L 0.100 - 0.036
0.000 - : :
29 30 31 32 33
Allele
Allele Frequency at DYS389Il for Hausa (n=52)
% 0.600
=
$ 0.400
g 0.200 0.115 0.115
[TH .
0.000 0.038
0.000 e L R
29 30 31 32 33
Allele

328




APPENDIX 59

ALLELE FREQUENCIES AT DYS19 WITH GRAPHS BY POPULATION

0.600

FOR POWERPLEX® Y23 SYSTEM KIT
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APPENDIX 60

ALLELE FREQUENCIES AT DYS391 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS391 for Nigeria (n=167)

. U.6506
> 0.800
e
5 0.600
8 0.400
— 0.096
L 0.200 0.036 0.024 0.006
0.000
8 9 10 11 12
Allele
Allele Frequency at DYS391 for Igbo (n=60)
1.000 5.800
0.800
2
2 0.600
g 0.400
0.133
0.200 0.000 0-067 0.000
0.000 —
8 9 10 11 12
Axis Title
Allele Frequency at DYS391 for Yoruba (n=55)
1.000 0.927
> 0.800
e
o 0.600
g 0.400
L
0.200 0.000 0.000 0.000
0.000
8 9 10 11 12
Allele
Allele Frequency at DYS391 for Hausa (n=52)
0.800 0.750
> 0.600
[
% 0.400
2 0.135
& 0.200
- 0.000
0.000
8 9 10 11 12

Allele

330




APPENDIX 61

ALLELE FREQUENCIES AT DYS481 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS481 for Nigeria (n=167)
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APPENDIX 62

ALLELE FREQUENCIES AT DYS549 WITH GRAPHS BY POPULATION

0.600

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS549 for Nigeria (n=167)
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APPENDIX 63

ALLELE FREQUENCIES AT DYS533 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS533 for Nigeria (n=167)

0.600 0.527
>
2 0.400
o 0.234
g 0.200 0.156
" 0.006 0.036 . 0.030 0.012
8 9 10 11 12 13 14
Allele
Allele Frequency at DYS533 for Igbo (n=60)
0.600 0.550
>
2 0.400
% 0.233
© 0.200 0. 117
L
0.000 0.033 - 0.033 0.033
8 9 10 11 12 13 14
Allele
Allele Frequency at DYS533 for Yoruba (n=55)
0.600 0.545
)
= 0.400
3 0.218
@ 0.200 0.145
w 0.055
0.036 0.000 - 0.000
0.000 I ||
8 9 10 11 12 13 14
Allele
Allele Frequency at DYS533 for Hausa (n=52)
0.800
. 0.577
% 0.600
o
3 0.400 0.269
(0]
£ 0,200 0.154
0.000 0.000 0.000 0.000
0.000 -
8 9 10 11 12 13 14
Allele

333




APPENDIX 64

ALLELE FREQUENCIES AT DYS438 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS438 for Nigeria (n=167)
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APPENDIX 65

ALLELE FREQUENCIES AT DYS437 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS437 for Nigeria (n=167)
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APPENDIX 66

ALLELE FREQUENCIES AT DYS570 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS570 for Nigeria (n=167)
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APPENDIX 67

ALLELE FREQUENCIES AT DYS635 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS635 for Nigeria (n=167)
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APPENDIX 68

ALLELE FREQUENCIES AT DYS390 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS390 for Nigeria (n=167)
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APPENDIX 69

ALLELE FREQUENCIES AT DYS439 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS439 for Nigeria (n=167)
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APPENDIX 70

ALLELE FREQUENCIES AT DYS392 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS392 for Nigeria (n=167)
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APPENDIX 71

ALLELE FREQUENCIES AT DYS643 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS643 for Nigeria (n=167)
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APPENDIX 72

ALLELE FREQUENCIES AT DYS393 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS393 for Nigeria (n=167)
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APPENDIX 73

ALLELE FREQUENCIES AT DYS458 WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS458 for Nigeria (n=167)
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APPENDIX 74

ALLELE FREQUENCIES AT DYS456 WITH GRAPHS BY POPULATION

0.500

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS456 for Nigeria (n=167)
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APPENDIX 75

ALLELE FREQUENCIES AT YGATAH4 WITH GRAPHS BY POPULATION
FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at YGATAHA4 for Nigeria (n=167)
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APPENDIX 76

ALLELE FREQUENCIES AT DYS385a WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS385a for Nigeria (n=167)
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APPENDIX 77

ALLELE FREQUENCIES AT DYS385b WITH GRAPHS BY POPULATION

FOR POWERPLEX® Y23 SYSTEM KIT

Allele Frequency at DYS385b for Nigeria (n=167)
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APPENDIX 78

NEI’S GENETIC DISTANCE PAIRWISE POPULATION MATRIX FOR THE
POWERPLEX® Y23 SYSTEM KIT

0.000
0.154 0.000
0.306 0.349 0.000

*Algeria is included as an outgroup.
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APPENDIX 79

NEI’S GENETIC IDENTITY PAIRWISE POPULATION MATRIX FOR THE
POWERPLEX® Y23 SYSTEM KIT
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*Algeria is included as an outgroup.
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APPENDIX 80

ALLELIC DIVERSITY PER LOCUS AND POPULATION BASED ON THE
POWERPLEX® Y23 SYSTEM KIT

Locus\Population Igbo  Yoruba Hausa Overall

DYS576 7 7 8 9
DYS3891 3 5 5 6
DYS448 4 6 5 6
DYS38911 4 5 4 5
DYS19 4 3 3 4
DYS391 3 2 4 5
DYS481 9 7 7 9
DYS549 6 3 4 7
DYSS33 8 5 3 9
DYS438 5 3 2 6
DYS437 4 5 3 5
DYS570 9 7 8 10
DYS635 8 6 6 9
DYS390 6 3 4 6
DYS439 6 4 5 6
DYS392 2 3 3 3
DYS643 4 4 3 5
DYS393 4 4 4 4
DYS458 6 6 7 8
DYS456 4 8 8 9
YGATAH4 6 6 3 9
DYS385a 8 9 10 11
DYS385b 9 12 11 14
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APPENDIX 81
PAIRWISE Fsr VALUES FOR GENETIC DISTANCE MATRIX BASED ON 13 AUTOSOMAL STR LOCI FROM 23 GLOBAL

POPULATION GROUPS.
NIG | GHA | MOR | EGY | MOZ | SOM | U-AFM | U-CAU | U-HIS | U-ASI | BRA | MEX | HON | COL | MAL | CHI | IND [ BAH | LAO | S-ARA | THA | ITA | SPA
NIG 0.000
GHA | 0.002 | 0.000
MOR | 0.013 | 0.016 | 0.000
EGY 0.012 | 0.015 | 0.003 [ 0.000
MOZ | 0.005 | 0.005 | 0.013 | 0.012 | 0.000
SOM | 0.008 | 0.010 | 0.011 [ 0.008 [ 0.011 | 0.000
U-AFM | 0.002 | 0.003 | 0.009 | 0.007 | 0.003 | 0.006 | 0.000
U-CAU | 0.018 | 0.021 | 0.007 | 0.007 | 0.018 | 0.014 | 0.010 0.000
U-HIS | 0.015 | 0.017 | 0.006 | 0.005 | 0.014 | 0.010 [ 0.009 0.004 | 0.000
U-ASI | 0.025 | 0.028 | 0.012 | 0.010 | 0.022 | 0.021 | 0.018 0.015 0.011 | 0.000
BRA 0.011 | 0.012 | 0.004 | 0.003 | 0.009 | 0.009 | 0.005 0.003 0003 | 0.012 [ 0.000
MEX | 0.025 | 0.027 | 0.013 | 0.014 | 0.024 | 0.018 | 0.018 0.011 0.004 | 0.017 | 0.010 | 0.000
HON 0.006 | 0.008 | 0.012 | 0.012 | 0.006 | 0.012 | 0.005 0015 | 0012 | 0.022 | 0.009 | 0.019 | 0.000
coL 0.019 | 0.021 | 0.008 | 0.007 | 0.018 | 0.014 | 0.012 0006 | 0.002 | 0.013 | 0.005 | 0.002 | 0.014 | 0.000
MAL | 0.022 | 0.024 | 0.011 | 0.008 | 0.020 | 0.018 | 0.015 0012 | 0.009 | 0.005 | 0.009 | 0.015 | 0.021 | 0.012 | 0.000
CHI 0.026 | 0.028 | 0.011 | 0.010 | 0.023 | 0.021 | 0.019 0016 | 0.012 | 0.004 | 0.012 | 0.019 | 0.023 | 0.015 | 0.003 | 0.000
IND 0.020 | 0.021 | 0.007 | 0.008 | 0.016 | 0.015 | 0.014 0012 | 0.009 | 0012 | 0.007 | 0.016 | 0.016 | 0.011 | 0.009 | 0.011 | 0.000
BAH 0.011 | 0.013 | 0.004 | 0.003 | 0.011 | 0.009 | 0.006 0.005 0004 | 0.012 |0.002 | 0.012 | 0.011 | 0.006 | 0.008 | 0.011 | 0.007 | 0.000
LAO 0.027 | 0.029 | 0.013 [ 0.011 | 0.026 | 0.022 | 0.020 0014 | 0012 | 0.007 | 0.012 | 0.018 | 0.026 | 0.015 | 0.002 | 0.003 | 0.012 | 0.012 | 0.000
S-ARA | 0.014 | 0.016 | 0.005 | 0.003 | 0.014 | 0.009 | 0.008 0007 | 0.006 | 0.013 | 0.004 | 0.014 | 0.013 | 0.008 | 0.011 | 0.013 | 0.009 | 0.002 | 0.014 | 0.000
THA 0.023 | 0.024 | 0.010 | 0.008 | 0.021 | 0.018 | 0.016 0012 | 0010 | 0.006 | 0.009 | 0.017 | 0.022 | 0.013 | 0.002 | 0.004 | 0.008 | 0.009 | 0.002 | 0.011 | 0.000
ITA 0.016 | 0.019 | 0.005 | 0.004 | 0.015 | 0.012 | 0.009 0002 | 0.004 | 0012 | 0.002 | 0012 | 0.014 | 0.006 | 0.009 | 0.012 | 0.009 | 0.002 | 0.012 | 0.003 | 0.010 | 0.000
SPA 0.017 | 0.019 | 0.006 | 0.005 | 0.017 | 0.012 | 0.010 0002 | 0.003 | 0014 | 0.002 | 0.011 | 0.015 | 0.005 | 0.010 | 0.014 | 0.009 | 0.003 | 0.013 | 0.005 [ 0.011 | 0.001 | 0.000
Populations:

Nigeria (NIG), Ghana (GHA), Morocco (MOR), Egypt (EGY), Mozambique (MOZ), Somalia (SOM), US African American (U-AFM), US Caucasian (U-CAU), US Hispanic (U-
HIS), US Asian (U-ASI), Brazil (BRA), Mexico (MEX), Honduras (HON), Colombia (COL), Malaysia (MAL), China (CHI), India (IND), Bahrain (BAH), Laos (LAO), Saudi Arabia
(S-ARA), Thailand (THAI), Italy (ITA), Spain (SPA).
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APPENDIX 82
MATRIX OF PAIRWISE UNBIASED NEI GENETIC DISTANCES ACROSS 23 GLOBAL POPULATIONS USING 13 AUTOSOMAL STR

MARKERS
NIG | GHA | MOR | EGY | MOZ | SOM | U-AFM | U-CAU | U-HIS | U-ASI [ BRA | MEX | HON | COL | MAL | CHI | IND | BAH | LAO | S-ARA | THA | ITA | SPA
NIG 0.000
GHA 0.004 | 0.000
MOR 0.103 | 0.114 | 0.000
EGY 0.088 | 0.098 | 0.018 | 0.000
MOZ [ 0.025 | 0.022 | 0.097 | 0.082 | 0.000
SOM | 0.055 | 0.058 | 0.083 [ 0.056 | 0.075 | 0.000
U-AFM | 0.011 | 0.011 | 0.064 | 0.044 | 0.016 | 0.039 [ 0.000
U-CAU | 0.136 | 0.146 | 0.048 | 0.048 | 0.129 | 0.097 0.074 0.000
U-HIS 0.110 | 0.115 | 0.039 | 0.032 | 0.102 | 0.071 0.059 0.020 0.000
U-ASI [ 0.183 | 0.194 | 0.079 | 0.059 [ 0.160 | 0.143 [ 0.128 [ 0.104 [ 0.070 | 0.000
BRA 0.077 | 0.080 | 0.026 | 0.021 | 0.067 | 0.062 | 0.033 | 0.015 | 0.013 [ 0.079 | 0.000
MEX [ 0.183 | 0.192 | 0.088 | 0.092 | 0.173 | 0.127 | 0.128 [ 0.071 | 0.020 | 0.113 | 0.066 | 0.000
HON 0.040 | 0.048 | 0.092 | 0.087 | 0.038 | 0.083 0.035 0.113 0.085 0.156 | 0.068 | 0.136 | 0.000
COL 0.141 | 0.152 | 0.052 | 0.050 | 0.129 | 0.098 0.088 0.038 0.007 0.084 | 0.031 | 0.012 | 0.106 | 0.000
MAL [ 0.165 | 0.170 | 0.072 | 0.052 [ 0.148 [ 0.125 [ 0.109 | 0.082 [ 0.056 | 0.023 [ 0.058 [ 0.101 | 0.162 | 0.081 | 0.000
CHI 0.193 | 0.205 | 0.077 [ 0.064 | 0.168 | 0.152 | 0.140 [ O0.111 | 0.080 [ 0.011 [ 0.085 | 0.128 | 0.177 | 0.104 [ 0.012 | 0.000
IND 0.152 | 0.155 | 0.051 [ 0.052 | 0.117 | 0.111 | 0.104 | 0.082 | 0.064 [ 0.070 | 0.050 | 0.110 | 0.124 | 0.076 | 0.058 | 0.066 | 0.000
BAH 0.083 | 0.089 | 0.029 | 0.016 | 0.079 | 0.061 0.041 0.031 0.025 0.078 | 0.012 | 0.080 | 0.084 | 0.040 | 0.056 | 0.077 | 0.049 | 0.000
LAO 0.209 | 0.213 | 0.092 | 0.076 | 0.198 | 0.160 0.149 0.102 0.083 0.035 | 0.087 | 0.131 | 0.210 | 0.112 | 0.007 | 0.014 | 0.082 | 0.089 | 0.000
S-ARA | 0.102 | 0.112 | 0.034 | 0.016 | 0.104 | 0.066 0.060 0.044 0.040 0.086 | 0.030 | 0.094 | 0.099 | 0.051 | 0.073 | 0.089 | 0.062 | 0.009 | 0.105 0.000
THA 0.178 | 0.177 | 0.071 [ 0.053 | 0.159 | 0.130 | 0.117 | 0.086 | 0.068 [ 0.031 | 0.064 | 0.120 [ 0.175 [ 0.097 | 0.007 | 0.018 | 0.054 | 0.063 [ 0.011 [ 0.078 | 0.000
ITA 0.119 | 0.132 | 0.033 | 0.021 | 0.110 | 0.084 | 0.062 | 0.012 | 0.022 [ 0.079 | 0.010 | 0.079 | 0.108 | 0.037 | 0.060 | 0.086 | 0.057 | 0.011 | 0.087 [ 0.021 | 0.068 | 0.000
SPA 0.127 | 0.139 | 0.036 | 0.032 | 0.124 | 0.087 0.071 0.008 0.020 0.098 | 0.011 | 0.076 | 0.111 | 0.037 | 0.072 | 0.099 | 0.062 | 0.020 | 0.095 0.031 0.077 | 0.007 | 0.000
Populations:

Nigeria (NIG), Ghana (GHA), Morocco (MOR), Egypt (EGY), Mozambique (MOZ), Somalia (SOM), US African American (U-AFM), US Caucasian (U-CAU), US Hispanic (U-
HIS), US Asian (U-ASI), Brazil (BRA), Mexico (MEX), Honduras (HON), Colombia (COL), Malaysia (MAL), China (CHI), India (IND), Bahrain (BAH), Laos (LAO), Saudi Arabia
(S-ARA), Thailand (THAI), Italy (ITA), Spain (SPA).
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APPENDIX 83

MATRIX OF PAIRWISE UNBIASED NEI GENETIC IDENTITY ACROSS 23 GLOBAL POPULATIONS USING 13 AUTOSOMAL STR
MARKERS

NIG | GHA | MOR | EGY | MOZ | SOM | U-AFM | U-CAU | U-HIS | U-ASI | BRA | MEX | HON | COL | MAL | CHI | IND | BAH | LAO | S-ARA | THA | ITA | SPA

NIG 1.000

GHA 0.996 | 1.000

MOR 0.902 | 0.892 | 1.000

EGY 0.916 | 0.907 | 0.982 | 1.000

MOZ 0.975 1 0.978 | 0.908 | 0.921 | 1.000

SOM 0.947 | 0.944 | 0.920 | 0.945 | 0.928 | 1.000

U-AFM | 0.989 | 0.989 | 0.938 | 0.956 | 0.984 | 0.961 1.000

U-CAU | 0.873 | 0.864 | 0.953 | 0.953 | 0.879 | 0.908 0.928 1.000

U-HIS 0.896 | 0.891 | 0.962 | 0.969 | 0.903 | 0.931 0.942 0.980 1.000

U-ASI 0.833 | 0.824 | 0.924 | 0.943 | 0.852 | 0.866 0.880 0.902 0.932 1.000

BRA 0.926 | 0.923 | 0.974 | 0.979 | 0.936 | 0.940 0.967 0.985 0.987 0.924 | 1.000

MEX 0.833 | 0.825 | 0916 | 0912 | 0.841 | 0.881 0.880 0.931 0.981 0.893 | 0.936 | 1.000

HON 0.960 | 0.954 | 0.912 | 0.917 | 0.963 | 0.920 0.966 0.893 0.918 0.856 | 0.934 | 0.873 | 1.000

CoL 0.868 | 0.859 | 0.949 | 0.952 | 0.879 | 0.907 0916 0.963 0.993 0.919 | 0.969 | 0.988 | 0.899 | 1.000

MAL 0.848 | 0.843 | 0.930 | 0.949 | 0.863 | 0.882 0.897 0.921 0.945 0.977 | 0.943 | 0.904 | 0.850 | 0.922 | 1.000

CHI 0.824 | 0.814 | 0.926 | 0.938 | 0.845 | 0.859 0.869 0.895 0.923 0.989 | 0.918 | 0.880 | 0.838 | 0.901 | 0.988 | 1.000

IND 0.859 | 0.857 | 0.950 | 0.949 | 0.890 | 0.895 0.901 0.922 0.938 0.932 | 0.951 | 0.896 | 0.883 | 0.927 | 0.944 | 0.936 | 1.000

BAH 0.921 | 0.915 | 0.972 | 0.984 | 0.924 | 0.941 0.960 0.969 0.975 0.925 | 0.989 | 0.923 | 0.919 | 0.961 | 0.945 | 0.925 | 0.953 | 1.000

LAO 0.812 | 0.808 | 0.912 | 0.927 | 0.820 | 0.852 0.861 0.903 0.920 0.966 | 0917 | 0.878 | 0.810 | 0.894 | 0.993 | 0.986 | 0.921 | 0.915 | 1.000

S-ARA | 0.903 | 0.894 | 0.966 | 0.985 | 0.901 | 0.936 0.942 0.957 0.961 0918 | 0.971 | 0.910 | 0.905 | 0.950 | 0.929 | 0.915 | 0.940 | 0.991 | 0.900 1.000

THA 0.837 | 0.837 | 0.931 | 0.948 | 0.853 | 0.878 0.890 0.917 0.935 0.970 | 0.938 | 0.887 | 0.840 | 0.907 | 0.993 | 0.982 | 0.947 | 0.939 | 0.989 | 0.925 1.000

ITA 0.887 | 0.876 | 0.967 [ 0.979 | 0.896 | 0.919 | 0.940 | 0988 | 0978 [ 0.924 | 0.990 | 0.924 | 0.897 | 0.963 | 0.942 | 0.918 | 0.944 | 0.989 [ 0.917 [ 0.979 | 0.934 | 1.000
SPA 0.880 | 0.870 | 0.964 | 0.968 | 0.883 | 0.916 0.931 0.992 0.980 0.907 | 0.989 | 0.927 | 0.895 | 0.964 | 0.930 | 0.906 | 0.940 | 0.980 | 0.910 | 0.969 | 0.926 | 0.994 | 1.000
Populations:

Nigeria (NIG), Ghana (GHA), Morocco (MOR), Egypt (EGY), Mozambique (MOZ), Somalia (SOM), US African American (U-AFM), US Caucasian (U-CAU), US Hispanic (U-
HIS), US Asian (U-ASI), Brazil (BRA), Mexico (MEX), Honduras (HON), Colombia (COL), Malaysia (MAL), China (CHI), India (IND), Bahrain (BAH), Laos (LAO), Saudi Arabia
(S-ARA), Thailand (THAI), Italy (ITA), Spain (SPA).
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APPENDIX 84
PAIRWISE Rsr VALUES FOR GENETIC DISTANCE MATRIX BASED ON 12 Y-STR LOCI FROM 50 GLOBAL POPULATION

GROUPS.
NIG-IB NIG-YO NIG-HF | ALG-AA | ANG-B | BEN-AC | BEN-M | BOT-B BF-M BF-G CAM-P | CAM-B | CAR-P | DRC-B | DRC-P | ETH-AA | GAB-B | GAB-P | IVC-AC | IVC-M | KEN-B | KEN-NS | LIB-AA | NAM-K | SEN-M
NIG-IB 0
NIG-YO 0.051 0
NIG-HF 0.100 0.154 0
ALG-AA 0.332 0.306 0.349 0
ANG-B 0.071 0.095 0.171 0.338 0
BEN-AC 0.027 0.023 0.134 0.356 0.063 0
BEN-M 0.031 0.038 0.126 0.365 0.048 0.014 0
BOT-B 0.066 0.087 0.164 0.235 0.050 0.077 0.080 0
BF-M 0.084 0.071 0.149 0.317 0.089 0.066 0.088 0.061 0
BF-G 0.034 0.030 0.122 0.322 0.034 0.011 0.016 0.053 0.044 0
CAM-P 0.074 0.082 0.140 0.199 0.100 0.075 0.083 0.073 0.107 | 0.067 0
CAM-B 0.053 0.048 0.162 0.303 0.105 0.038 0.066 0.056 0.076 | 0.046 0.056 0
CAR-P 0.082 0.085 0.131 0.221 0.100 0.074 0.086 0.087 0.082 | 0.067 0.035 0.068 0
DRC-B 0.052 0.081 0.148 0.365 0.045 0.046 0.045 0.063 0.075 | 0.028 0.106 0.098 0.084 0
DRC-P 0.138 0.132 0.213 0.142 0.164 0.149 0.161 0.079 0.091 | 0.121 0.096 0.106 0.104 0.147 0
ETH-AA 0.183 0.216 0.307 0.244 0.227 0.202 0.208 0.182 0.238 | 0.196 0.215 0.205 0.268 0.230 0.128 0
GAB-B 0.029 0.041 0.130 0.328 0.040 0.020 0.020 0.049 0.077 | 0.015 0.062 0.046 0.071 0.034 0.140 0.197 0
GAB-P 0.202 0.211 0.228 0.166 0.218 0.219 0.241 0.171 0.144 | 0.191 0.113 0.180 0.128 0.238 0.122 0.303 0.220 0
IVC-AC 0.053 0.071 0.130 0.414 0.090 0.038 0.030 0.127 0.134 | 0.054 0.123 0.101 0.113 0.066 0.210 0.229 0.043 0.286 0
IVC-M 0.055 0.088 0.119 0.406 0.098 0.059 0.048 0.106 0.107 | 0.043 0.110 0.106 0.125 0.108 0.185 0.251 0.071 0.251 0.092 0
KEN-B 0.043 0.063 0.157 0.287 0.068 0.043 0.053 0.038 0.067 | 0.030 0.058 0.046 0.071 0.056 0.081 0.142 0.045 0.180 0.095 0.069 0
KEN-NS 0.086 0.106 0.221 0.261 0.099 0.093 0.108 0.053 0.124 | 0.083 0.105 0.076 0.152 0.127 0.098 0.076 0.081 0.227 0.149 0.138 0.056 0
LIB-AA 0.277 0.294 0.333 0.103 0.292 0.317 0.325 0.230 0.257 | 0.282 0.205 0.286 0.233 0.321 0.104 0.183 0.301 0.154 0.382 0.340 0.229 0.212 0
NAM-K 0.264 0.260 0.288 0.296 0.268 0.274 0.296 0.247 0.203 | 0.255 0.252 0.265 0.252 0.316 0.248 0.370 0.288 0.166 0.345 0.287 0.274 0.292 0.196 0
SEN-M 0.044 0.024 0.152 0.367 0.053 0.013 0.030 0.071 0.072 | 0.021 0.083 0.048 0.093 0.067 0.157 0.212 0.028 0.212 0.069 0.085 0.072 0.084 0.321 0.262 0
Populations:

Nigeria-Igbo (NIG-IB), Nigeria-Yoruba (NIG-YO), Nigeria-Hausa-Fulani (NIG-HF), Algeria-Afroasiatic (ALG-AA), Angola-Bantu West (ANG-B), Benin-Niger Congo-Atlantic
(BEN-AC), Benin-Niger Congo-Mende (BEN-M), Botswana-Bantu East (BOT-B), Burkina Faso-Niger Congo-Mende (BF-M), Burkina Faso-Niger Congo-Gur (BF-G), Cameroon-
Niger Cong-Pygmy (CAM-P), Cameroon-Bantu West (CAM-B), Central African Republic-Pygmy (CAR-P), Democratic Republic Congo-Bantu West (DRC-B), Democratic Republic
Congo-Nilotic-Pygmy (DRC-P), Ethiopia-Afroasiatic (ETH-AA), Gabon-Bantu West (GAB-B), Gabon-Pygmy West (GAB-P), Ivory Coast-Niger Congo-Atlantic (IVC-AC), Ivory
Coast-Niger Congo-Mende (IVC-M), Kenya-Bantu West (KEN-B), Kenya-Nilotic (KEN-NS), Libya-Afroasiatic (LIB-AA), Namibia-Khoisan (NAM-K), Senegal-Niger Congo-
Mende (SEN-M), South Africa-Bantu East (SA-B), Tanzania-Afroasiatic (TZ-AA), Tanzania-Nilotic (TZ-NS), Tanzania-Khoisan (TZ-K), Tanzania-Bantu West (TZ-B), Uganda-
Nilotic (UGA-NS), Zambia-Bantu West (ZAW-B), Zambia-Bantu East (ZAE-B), China-Sino Tibetan (CHI), India-Dravidian (IND), Irag-Afroasiatic-Semitic (IRQ), Israel-Afroasiatic
Semitic (ISR), Kuwait-Afroasiatic-Semitic (KUW), Lebanon- Afroasiatic-Semitic (LEB), Philippine- Afroasiatic-Semitic (PHP), United Arab Emirates- Afroasiatic-Semitic (UAE),
Germany-Indo-European-Germany (GER), Italy-Indo-European-Italian (ITA), Spain-Indo-European-Spanish (SPA), United Kingdom-British African (UK-BA), United Kingdom-
Indo-European-English (UK-BW), United State-African American (US-AA), Brazil- Indo-European-Portuguese (BRA), Jamaica-Jamaica-Patois (JAM), Peru- Indo-European-Spanish
(PER).
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APPENDIX 84 (Continued)
PAIRWISE Rst VALUES FOR GENETIC DISTANCE MATRIX BASED ON 12 Y-STR LOCI FROM 50 GLOBAL POPULATION

GROUPS.

NIG-IB NIG-YO NIG-HF | ALG-AA | ANG-B | BEN-AC | BEN-M | BOT-B | BF-M BF-G CAM-P | CAM-B | CAR-P | DRC-B | DRC-P | ETH-AA | GAB-B | GAB-P | IVC-AC | IVC-M | KEN-B | KEN-NS | LIB-AA | NAM-K | SEN-M
SA-B 0.123 0.126 0.171 0.343 0.128 0.117 0.114 0.113 0.123 | 0.114 0.145 0.128 0.150 0.123 0.170 0.246 0.109 0.231 0.150 0.158 0.123 0.167 0.308 0.282 0.129
TZ-AA 0.100 0.091 0.172 0.154 0.108 0.101 0.114 0.036 0.069 | 0.082 0.048 0.063 0.065 0.116 0.032 0.165 0.084 0.115 0.163 0.127 0.049 0.074 0.146 0.214 0.117
TZ-NS 0.200 0.207 0.303 0.198 0.187 0.214 0.226 0.132 0.144 | 0.180 0.181 0.186 0.187 0.208 0.079 0.116 0.195 0.212 0.279 0.266 0.139 0.089 0.132 0.282 0.202
12K 0.102 0.106 0.162 0.175 0.121 0.121 0.136 0.068 0.045 | 0.089 0.086 0.103 0.088 0.132 0.058 0.180 0.118 0.085 0.196 0.132 0.072 0.105 0.151 0.198 0.117
T1Z-B 0.078 0.080 0.161 0.230 0.078 0.076 0.091 0.020 0.055 | 0.058 0.053 0.040 0.061 0.086 0.062 0.196 0.057 0.138 0.135 0.115 0.048 0.073 0.213 0.232 0.082
UGA-NS 0.220 0.225 0.265 0.208 0.225 0.233 0.250 0.155 0.190 | 0.217 0.119 0.179 0.156 0.257 0.105 0.273 0.230 0.065 0.300 0.270 0.176 0.195 0.194 0.215 0.226
ZAW-B 0.055 0.072 0.152 0.349 0.006 0.044 0.032 0.046 0.075 | 0.025 0.090 0.089 0.087 0.030 0.157 0.223 0.024 0.225 0.069 0.087 0.063 0.099 0.307 0.284 0.039
ZAE-B 0.047 0.055 0.146 0.368 0.027 0.029 0.019 0.066 0.080 | 0.017 0.090 0.085 0.086 0.024 0.148 0.214 0.016 0.232 0.046 0.090 0.053 0.102 0.317 0.302 0.041
UK-BA 0.022 0.049 0.121 0.297 0.054 0.028 0.041 0.039 0.039 | 0.021 0.066 0.047 0.068 0.040 0.101 0.198 0.026 0.163 0.076 0.064 0.034 0.080 0.243 0.233 0.039
US-AA 0.058 0.098 0.125 0.226 0.073 0.077 0.092 0.041 0.051 | 0.060 0.064 0.067 0.075 0.082 0.082 0.189 0.065 0.110 0.130 0.086 0.064 0.087 0.179 0.183 0.077
CHI 0.282 0.319 0.346 0.250 0.324 0.321 0.335 0.244 0.227 | 0.293 0.256 0.298 0.266 0.324 0.149 0.273 0.327 0.160 0.379 0.349 0.264 0.260 0.164 0.227 0.320
IND 0.226 0.247 0.287 0.157 0.214 0.254 0.272 0.160 0.185 | 0.221 0.165 0.211 0.205 0.258 0.094 0.212 0.241 0.097 0.324 0.274 0.192 0.180 0.072 0.159 0.240
IRQ 0.238 0.262 0.298 0.129 0.242 0.268 0.281 0.168 0.196 | 0.236 0.178 0.232 0.201 0.267 0.075 0.176 0.259 0.117 0.335 0.284 0.194 0.172 0.044 0.185 0.265
ISR 0.228 0.246 0.309 0.151 0.226 0.250 0.263 0.158 0.198 | 0.226 0.190 0.225 0.219 0.249 0.087 0.130 0.233 0.166 0.316 0.286 0.186 0.140 0.048 0.199 0.238
Kuw 0.234 0.257 0.311 0.156 0.217 0.271 0.272 0.154 0.231 | 0.241 0.184 0.234 0.223 0.255 0.095 0.159 0.235 0.153 0.323 0.302 0.196 0.154 0.050 0.168 0.256
LEB 0.249 0.275 0.316 0.152 0.263 0.280 0.296 0.188 0.210 | 0.253 0.198 0.250 0.225 0.285 0.089 0.183 0.272 0.139 0.354 0.304 0.208 0.183 0.042 0.170 0.275
PHP 0.323 0.375 0.364 0.287 0.397 0.377 0.397 0.286 0.268 | 0.341 0.289 0.335 0.290 0.388 0.167 0.317 0.384 0.193 0.440 0.385 0.295 0.319 0.221 0.297 0.394
UAE 0.242 0.278 0.328 0.170 0.249 0.292 0.290 0.191 0.261 | 0.265 0.203 0.265 0.243 0.286 0.109 0.173 0.260 0.195 0.345 0.328 0.214 0.180 0.047 0.221 0.286
BRA 0.269 0.302 0.303 0.149 0.271 0.290 0.306 0.197 0.240 | 0.264 0.186 0.250 0.204 0.293 0.119 0.245 0.281 0.122 0.342 0.309 0.242 0.215 0.126 0.214 0.295
JAM 0.035 0.081 0.123 0.273 0.067 0.057 0.065 0.044 0.056 | 0.041 0.064 0.068 0.069 0.055 0.096 0.200 0.043 0.152 0.098 0.079 0.050 0.091 0.216 0.228 0.065
PER 0.258 0.282 0.324 0.178 0.283 0.268 0.289 0.206 0.270 | 0.256 0.194 0.238 0.230 0.286 0.150 0.211 0.263 0.229 0.326 0.282 0.222 0.187 0.157 0.278 0.290
GER 0.305 0.349 0.320 0.215 0.285 0.331 0.343 0.225 0.259 | 0.303 0.214 0.293 0.220 0.318 0.175 0.328 0.322 0.097 0.371 0.364 0.291 0.279 0.196 0.222 0.332
ITA 0.257 0.277 0.304 0.118 0.281 0.279 0.299 0.196 0.217 | 0.258 0.185 0.241 0.212 0.298 0.092 0.203 0.281 0.109 0.347 0.294 0.223 0.199 0.073 0.179 0.284
SPA 0.350 0.383 0.371 0.210 0.351 0.361 0.377 0.274 0.326 | 0.340 0.253 0.322 0.272 0.365 0.186 0.305 0.351 0.167 0.405 0.388 0.323 0.286 0.205 0.278 0.372
UK-BW 0.362 0.415 0.366 0.280 0.358 0.383 0.402 0.286 0.329 | 0.358 0.276 0.343 0.287 0.371 0.205 0.344 0.369 0.180 0.418 0.412 0.340 0.310 0.259 0.291 0.386

Populations:

Nigeria-Igbo (NIG-IB), Nigeria-Yoruba (NIG-YO), Nigeria-Hausa-Fulani (NIG-HF), Algeria-Afroasiatic (ALG-AA), Angola-Bantu West (ANG-B), Benin-Niger Congo-Atlantic
(BEN-AC), Benin-Niger Congo-Mende (BEN-M), Botswana-Bantu East (BOT-B), Burkina Faso-Niger Congo-Mende (BF-M), Burkina Faso-Niger Congo-Gur (BF-G), Cameroon-
Niger Cong-Pygmy (CAM-P), Cameroon-Bantu West (CAM-B), Central African Republic-Pygmy (CAR-P), Democratic Republic Congo-Bantu West (DRC-B), Democratic Republic
Congo-Nilotic-Pygmy (DRC-P), Ethiopia-Afroasiatic (ETH-AA), Gabon-Bantu West (GAB-B), Gabon-Pygmy West (GAB-P), Ivory Coast-Niger Congo-Atlantic (IVC-AC), Ivory
Coast-Niger Congo-Mende (IVC-M), Kenya-Bantu West (KEN-B), Kenya-Nilotic (KEN-NS), Libya-Afroasiatic (LIB-AA), Namibia-Khoisan (NAM-K), Senegal-Niger Congo-
Mende (SEN-M), South Africa-Bantu East (SA-B), Tanzania-Afroasiatic (TZ-AA), Tanzania-Nilotic (TZ-NS), Tanzania-Khoisan (TZ-K), Tanzania-Bantu West (TZ-B), Uganda-
Nilotic (UGA-NS), Zambia-Bantu West (ZAW-B), Zambia-Bantu East (ZAE-B), China-Sino Tibetan (CHI), India-Dravidian (IND), Irag-Afroasiatic-Semitic (IRQ), Israel-Afroasiatic
Semitic (ISR), Kuwait-Afroasiatic-Semitic (KUW), Lebanon- Afroasiatic-Semitic (LEB), Philippine- Afroasiatic-Semitic (PHP), United Arab Emirates- Afroasiatic-Semitic (UAE),
Germany-Indo-European-Germany (GER), Italy-Indo-European-Italian (ITA), Spain-Indo-European-Spanish (SPA), United Kingdom-British African (UK-BA), United Kingdom-
Indo-European-English (UK-BW), United State-African American (US-AA), Brazil- Indo-European-Portuguese (BRA), Jamaica-Jamaica-Patois (JAM), Peru- Indo-European-Spanish
(PER).
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APPENDIX 84 (Continued)
PAIRWISE Rsr VALUES FOR GENETIC DISTANCE MATRIX BASED ON 12 Y-STR LOCI FROM 50 GLOBAL POPULATION

GROUPS.

SA-B TZ-AA TZ-NS 12K T1Z-B UGA-NS | ZAW-B | ZAE-B | UK-BA | US-AA CHI IND IRQ ISR KUwW LEB PHP UAE BRA JAM PER GER ITA SPA UK-BW
SA-B 0
TZ-AA 0.137 0
TZ-NS 0.232 0.100 0
TZ-K 0.143 0.042 0.101 0
TZ-B 0.127 0.017 0.129 | 0.052 0
UGA-NS 0.270 0.101 0.214 | 0.106 | 0.120 0
ZAW-B 0.114 0.107 0.193 | 0.118 | 0.072 0.233 0
ZAE-B 0.122 0.106 0.199 | 0.125 | 0.076 0.241 0.018 0
UK-BA 0.103 0.055 0.169 | 0.071 | 0.035 0.185 0.039 0.035 0
US-AA 0.129 0.047 0.143 | 0.049 | 0.031 0.136 0.070 0.081 0.023 0
CHI 0.301 0.210 0.213 | 0.185 | 0.249 0.221 0.324 0.331 0.247 0.180 0
IND 0.267 0.127 0.163 | 0.130 | 0.151 0.131 0.232 0.253 0.179 0.109 0.083 0
IRQ 0.268 0.121 0.134 | 0.118 | 0.156 0.138 0.254 0.268 0.190 0.121 0.086 | 0.019 0
ISR 0.246 0.119 0.110 | 0.118 | 0.151 0.185 0.230 0.249 0.176 0.119 0.144 | 0.064 | 0.030 0
Kuw 0.264 0.128 0.138 | 0.143 | 0.164 0.155 0.229 0.253 0.196 0.134 0.134 | 0.038 | 0.025 | 0.015 0
LEB 0.280 0.133 0.137 | 0.128 | 0.171 0.157 0.274 0.286 0.201 0.129 0.109 | 0.040 | 0.012 | 0.017 | 0.018 0
PHP 0.355 0.237 0.241 | 0.206 | 0.288 0.255 0.395 0.402 0.300 0.218 0.037 | 0.140 | 0.137 | 0.213 | 0.209 | 0.171 0
UAE 0.280 0.142 0.148 | 0.164 | 0.187 0.206 0.261 0.276 0.212 0.153 0.171 | 0.072 | 0.044 | 0.025 | 0.013 | 0.031 | 0.237 0
BRA 0.299 0.140 0.201 | 0.152 | 0.169 0.145 0.282 0.299 0.209 0.121 0.115 | 0.082 | 0.066 | 0.107 | 0.108 | 0.083 | 0.157 | 0.141 0
JAM 0.114 0.054 0.166 | 0.069 | 0.037 0.172 0.055 0.052 0.009 0.009 0.220 | 0.151 | 0.161 | 0.163 | 0.170 | 0.170 | 0.269 | 0.179 | 0.165 0
PER 0.308 0.150 0.221 | 0.197 | 0.188 0.246 0.285 0.298 0.210 0.154 0.157 | 0.156 | 0.134 | 0.144 | 0.164 | 0.148 | 0.185 | 0.182 | 0.073 | 0.178 0
GER 0.331 0.192 0.253 | 0.198 | 0.216 0.137 0.300 0.329 0.250 0.157 0.123 | 0.086 | 0.102 | 0.179 | 0.163 | 0.144 | 0.179 | 0.219 | 0.057 | 0.212 | 0.188 0
ITA 0.292 0.132 0.175 | 0.130 | 0.167 0.126 0.291 0.299 0.204 0.127 0.096 | 0.044 | 0.021 | 0.059 | 0.058 | 0.031 | 0.141 | 0.092 | 0.029 | 0.170 | 0.105 | 0.073 0
SPA 0.376 0.218 0.284 | 0.238 | 0.245 0.193 0.359 0.373 0.286 0.195 0.146 | 0.137 | 0.122 | 0.172 | 0.168 | 0.149 | 0.193 | 0.224 | 0.029 | 0.241 | 0.109 | 0.061 | 0.069 0
UK-BW 0.398 0.235 0.302 | 0.253 | 0.256 0.186 0.365 0.385 0.301 0.201 0.169 | 0.170 | 0.157 | 0.211 | 0.196 | 0.184 | 0.215 | 0.265 | 0.048 | 0.251 | 0.152 | 0.058 | 0.104 | 0.018 0
Populations:

Nigeria-Igbo (NIG-IB), Nigeria-Yoruba (NIG-YO), Nigeria-Hausa-Fulani (NIG-HF), Algeria-Afroasiatic (ALG-AA), Angola-Bantu West (ANG-B), Benin-Niger Congo-Atlantic
(BEN-AC), Benin-Niger Congo-Mende (BEN-M), Botswana-Bantu East (BOT-B), Burkina Faso-Niger Congo-Mende (BF-M), Burkina Faso-Niger Congo-Gur (BF-G), Cameroon-
Niger Cong-Pygmy (CAM-P), Cameroon-Bantu West (CAM-B), Central African Republic- Pygmy (CAR-P), Democratic Republic Congo-Bantu West (DRC-B), Democratic Republic
Congo-Nilotic-Pygmy (DRC-P), Ethiopia-Afroasiatic (ETH-AA), Gabon-Bantu West (GAB-B), Gabon-Pygmy West (GAB-P), Ivory Coast-Niger Congo-Atlantic (IVC-AC), Ivory
Coast-Niger Congo-Mende (IVC-M), Kenya-Bantu West (KEN-B), Kenya-Nilotic (KEN-NS), Libya-Afroasiatic (LIB-AA), Namibia-Khoisan (NAM-K), Senegal-Niger Congo-
Mende (SEN-M), South Africa-Bantu East (SA-B), Tanzania-Afroasiatic (TZ-AA), Tanzania-Nilotic (TZ-NS), Tanzania-Khoisan (TZ-K), Tanzania-Bantu West (TZ-B), Uganda-
Nilotic (UGA-NS), Zambia-Bantu West (ZAW-B), Zambia-Bantu East (ZAE-B), China-Sino Tibetan (CHI), India-Dravidian (IND), Irag-Afroasiatic-Semitic (IRQ), Israel-Afroasiatic
Semitic (ISR), Kuwait-Afroasiatic-Semitic (KUW), Lebanon- Afroasiatic-Semitic (LEB), Philippine- Afroasiatic-Semitic (PHP), United Arab Emirates- Afroasiatic-Semitic (UAE),
Germany-Indo-European-Germany (GER), Italy-Indo-European-Italian (ITA), Spain-Indo-European-Spanish (SPA), United Kingdom-British African (UK-BA), United Kingdom-
Indo-European-English (UK-BW), United State-African American (US-AA), Brazil- Indo-European-Portuguese (BRA), Jamaica-Jamaica-Patois (JAM), Peru- Indo-European-Spanish
(PER).
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APPENDIX 85

MEAN LnP(K)=SD AND DELTA K VALUES FOR 13 AUTOSOMAL STR LOCI FROM
23 GLOBAL POPULATION GROUPS.

K Reps MeanLnP(K) SDLnP(K) Ln'(K) |Ln"(K)| Deltak
1 10 236573 0.27

2 10 1233975 12.4 2597.32

3 10 1232782 25.38 1193.01 140431 5533136
4 10 232519 51.83 262.9 930.11 17.9454
5 10 232491 24.61 28.66 23424 9.518082
6 10 233328 2262.03 -836.84 865.5  0.382621
7 10 1235435 5630.55 2107.85 127101 0.225735
8 10 -238899 4670.61 346372 1355.87  0.290298
9 10 -234064 478.03 4834.88 8298.6 17.36
10 10 -233830 280.52 233.74 4601.14 16.40218
11 10 -234532 1332.19 -701.36 935.1 0.701927
12 10 2252082 23195.17 175503 16848.94  0.726399
13 10 2247270 16738.81 4811.81  22362.11 1335944
14 10 -254667 22924.99 -7396.61 12208.42 0.532538
15 10 -253913 22300.44 753.89 8150.5 0.365486
16 10 260303 19578.87 639027 714416 0.364891
17 10 242271 5701.84 18032.06 2442233 4.83237
18 10 1268551 28498.45 262795 4431155 1554876
19 10 -270430 48949.19 -1879.39 24400.1 0.498478
20 10 -268536 25157.61 1894 .48 3773.87 0.150009
21 10 2260534 15312.82 8001.67 6107.19  0.398829
2 10 275218 30504.52 (14683.5  22685.2  0.743667
23 10 1263747 30718.56 1147025 2615378 0.8514
24 10 1273546 18060.93 9798.98  21269.23  1.177638
25 10 297185 44290.65 236388 13839.78  0.312476
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