Comparison of complete mitochondrial
genome sequence between different ethnic

groups from Southern Africa

BY

JAKE DARBY, B.Sc. (Agric)

Dissertation submitted for the degree Magister Scientiae (M.Sc.)
in Biochemistry at the North-West University

SUPERVISOR: Professor Antonel Olckers
Centre for Genome Research, North-West University (Potchefstroom Campus)

CO-SUPERVISOR; Doctor |zelle Smuts
Department of Paediatrics, University of Pretoria

December 2004



Vergelyking van volledige mitochondriale-
genoom-volgorde tussen verskillende etniese

groepe van Suider-Afrika

DEUR

JAKE DARBY, B.Sc. (Agric)

Verhandeling voorgelé vir die graad Magister Scientiae (M.Sc.)

in Biochemie aan die Noordwes-Universiteit

STUDIELEIER:; Professor Antonel Olckers
Sentrum vir Genomiese Navorsing, Noordwes-Universiteit (Potchefstroom Kampus)

MEDESTUDIELEIER: Dokter lzelle Smuts
Departement Pediatrie, Universiteit van Pretoria

Desember 2004



To my family



ABSTRACT

The human mitochondrial genome is a 16,569 base pair double-stranded deoxyribonucleic
acid (DNA) molecule located in the mitochondrion. The mitochondrial genome sequence is
conserved, maternally inherited and undergoes no recombination, making its evaluation
ideal for evolutionary studies. Certain alterations in the genome are unique to specific
human populations and haplogroups. The genetic background, or haplogroup of an
individual, may act in concert with disease associated mutations. The ethnicity of an

individual is often utilised as an indicator of haplogroup.

During this investigation the full mitochondrial sequence of 10 individuals belonging to
three ethnic Southern African populations, namely three Xhosa, three Zulu and four
Tswana individuals, was generated. The complete nucleotide sequences were compared
to one another in order to determine the genetic relationship between individuals.
Sequences were also evaluated against the 2001 revised Cambridge reference seguence
(RCRS) to detect novel alterations as well as alterations present in all individuals

analysed.

A total of 222 alterations (207 previously reported, 15 unreported) were detected relative to
the RCRS. Five length alterations and 207 nucleotide substitutions were detected.
Ninety-eight alterations were detected only once, and 115 were detected in at least two
individuals. Haplogroup analysis clustered individuals into haplogroups L0, L2 and L3. No
clear correlation between haplogroup assignment and ethnic origin could be observed.
The distribution of shared alterations between individuals was in agreement with the
haplogroup clustering.

Ethnicity can therefore not be utilised as an indicator of haplogroup in the context of the
current study. To investigate the association between disease presentation and
haplogroup, individuals will have to be randomly sampled and then haplogrouped.
Reasons to substantiate the lack of association between ethnicity and haplogroups include
the occurrence of gene flow between populations, inaccurate ethnic and incomplete
haplogroup classification and populations not being sufficiently divergent.



OPSOMMING

Die menslike mitochondriale genoom is ‘n 16,568 basispaar dubbeldraad-deoksie-
ribonuklginsuur (DNS) molekule wat aangetref word in die mitochondrion. Die
mitochondriale genoom is gekonserveerd, word maternaal oorgeérf en ondergaan geen
rekombinasie nie. Hierdie aspekte maak die evaluasie daarvan ideaal vir evolusionére
studies. Sekere veranderinge in die genoom is uniek tot spesifieke menslike bevolkings en
haplogroepe. Die genetiese agtergrond, of haplogroep van individue, kan in samewerking
met siektegeassosieerde mutasies optree. Die etnisiteit van ‘n individu word dikwels
gebruik as ‘n aanwyser van haplogroep.

Tydens hierdie ondersoek is die volledige mitochondriaie voigorde van 10 individue uit drie
verskillende etniese bevolkings in Suider-Afrika, naamlik drie Zulu-, drie Xhosa- en vier
Tswana-individue, gegenereer. Die volledige nukleotiedvolgordes is met mekaar vergelyk
om die genetiese verwantskap tussen individue te bepaal. Volgordes is ook vergelyk met
die 2001 hersiene Cambridge verwysingsvolgorde (RCRS) om nuwe veranderinge, sowel

as veranderinge wat voorkom in alle individue wat bestudeer is, te identifiseer.

‘n Totaal van 222 veranderinge (207 voorheen gerapporteer, 15 ongerapporteer) is
geidentifiseer relatief tot die RCRS. Sewe Ilengteveranderinge en 207
nuklectiedvervangings is waargeneem. Agt-en-negentig veranderinge is slegs een keer
waargeneem, en 115 is waargeneem tussen ten minste twee individue. Analise van die
haplogroepe het die individue in haplogroepe 1.0, L2 en L3 gegroepeer. Geen duidelike
korrelasie tussen die toedeling van haplogroepe en etniese oorsprong kon waargeneem
word nie. Die verspreiding van gedeelde veranderinge tussen individue was in

ooreenstemming met die groepering van die haplogroepe.

Teen die agtergrond van die huidige studie kan etnisiteit dus nie gebruik word as 'n
aanwyser van haplogroep nie. Om assosiasies tussen fenotipe en haplogroep te
bestudeer, sal individue ewekansig gekies en gehaplogroepeer moet word. Redes vir die
gebrek aan assosiasie tussen etnisiteit en haplogroep sluit in geenvloei tussen bevolkings,
onakkurate etniese en onvolledige haplogroepklassifikasie en dat bevolkings nie
uiteenlopend genoeg is nie.
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CHAPTER ONE
INTRODUCTION

Mitochondrial function is essential for the maintenance of a cell (Borst, 1977) as it forms
the primary location for metabolic functions such as the citric acid cycle, fatty acid
oxidation, electron transport and oxidative phosphorylation (OXPHQOS). The mitochondrial
genome is a closed circular, double-stranded DNA molecule of 16,569 base pairs (bp)
which encodes two ribosomal ribonucleic acids (rRNA), 22 transfer RNAs (tRNA) and 13
polypeptides (Anderson et al, 1981). The mitochondrion is strictly maternally inherited
(Giles et al., 1980), its genome undergoes no recombination (Wallace, 1994) and has a
mutation rate which is 10 times greater than that of the nuclear genome (Brown et al.,

1979). The mitochondrial genome is therefore ideal for genetic evolutionary studies.

Populations harbour unique and distinctive alterations that reflect their evolutionary history
(Cann et al., 1987). These alterations result in the formation of mitochondrial lineages,
which are termed haplogroups (Denaro et al.,, 1981). Haplogroups can therefore be utilised
to identify groups that have similar evolutionary histories and determine the relationship

between populations (Wallace et al., 1999).

As energy metabolism is centred on the mitochondrion, alterations of its genome may
cause a compromise in energy production, often resulting in dysfunction or disease
(Wallace et al., 1992). Alterations may also result in adaptations, such as climatic
adaptations (Mishmar et al., 2003), increased longevity (Ross et al, 2001) and an
adaptation to high altitudes (Torroni et af., 1994¢). ). However, mitochondrial diseases are
common, with a prevalence of 6.57 per 100,000 adults, as observed in the North East
England population, which is comparable to Huntington's disease and Duchenne's
muscular dystrophy (Chinnery ef al., 2000).

Several disease phenotypes have been observed to be prevalent in specific haplogroups
(Shoffner et al., 1993; Brown ef al., 2001). This is as a result of differential functionality
between different haplogroups (Torroni, 2000). Differences in the genetic architecture of
populations may cause different responses to environmental risks and disease-associated
mutations (Tishkoff and Williams, 2002). These differences are manifested through the



INTRODUCTION

increased penetrance of certain conditions in specific haplogroups, such as Leber's
hereditary optic neuropathy (LHON) in haplogroup J (Brown et al., 2001) as well as the
penetrance of specific conditions in haplogroup J individuals suffering from LHON, late-
onset Alzheimer’'s disease in haplogroup H (Shoffner et al., 1993) and asthenozoospermia
in haplogroup H {(Ruiz-Pesini et al., 2000). Haplogroup-associated alterations, contained in
the mitochondrial and nuclear genomes, may aid in the presentation of disease by acting
in conjunction with disease-causing mutations and thereby lowering the disease threshold
limit (Hofmann ef al., 1997).

The greatest differences in mtDNA sequence occur between the African population and
the rest of the world. The African population is considered unique as it is genetically
distinct (Johnson et al., 1983), the most diverse (Cann et al., 1987) and thus the oldest of
all populations. African populations are highly subdivided, harbouring a great deal of
genetic variation (Salas ef al, 2002). No single African population can therefore be
representative of all African populations (Tishkoff and Williams, 2002).

Black Southern African populations appear to have distinct genetic aetiologies regarding
mitochondrial disorders, not common to the rest of the world (Olckers ef al.,, 2001). The
black South African population belongs to macro-haplogroup L (Chen et al, 2000).
Haplogroup L is divided into haplogroups LO, L1 and L2, which are limited to the African
continent, and L3, which is detected in Africa and other parts of the world (Chen et al.,
2000).

A common language often represents a common origin, and language can thus be utilised
to classify an ethnic group (Cavalli-Sforza et al., 1988; Cavalli-Sforza et al,, 1994). An
association between haplogroup and ethnic origin exists (Brown, 1980) to the extent that a
correlation, in the global context, exists between the haplogroup and language of a
population (Cavalli-Sforza ef al., 1988). Ethnic origin is therefore often utilised as an
indicator to which haplogroup an individual belongs. However, limited or no correlation is
often observed in certain populations (Rosser ef al., 2000). This investigation represents a
pilot study aimed at determining whether the ethnic status of Southern African ethnic

populations provides an indication of the haplogroup to which the population belongs.

The aims of the investigation are presented at the end of Chapter Two, and are preceded
by a broad literature review. The methodology utilised to achieve these goals is described

in Chapter Three, and the results and discussion thereof presented in Chapter Four.

2
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Conclusions based on the results generated in this study are presented in Chapter Five.
Supplementary information on the resuits presented in Chapter Four, are listed in
appendices A to C.



CHAPTER TWO

MOLECULAR AND EVOLUTIONARY ASPECTS OF
MITOCHONDRIAL DNA

The origin of the human species has intrigued humans for centuries. With the advent of
modern molecular tools, it was thought that the mystery would soon be solved. However,
with each answer produced, more questions arose. More tools were employed, including
mitochondrial genetics in the last 20 years, to help answer these questions. The use of
mitochondrial DNA (mtDNA) to infer phylogenetic evolution is favoured over several other
molecular entities for many reasons, thus affording it increasing amounts of popularity in
the investigation of human evolution. The utilisation of Y-chromosome and mitochondrial
data often complement each other. However, differences in evolutionary histories between
men and women result in differences between mitochondrial and Y-chromosomal

information.

Evolutionary studies utilising autosomal regions may seem the most appropriate option
due to the large size of the genome. However, the presence of recombination between
chromosomal regions complicates genetic evolutionary histories. The autosomal genome
can be regarded as a series of large blocks of low recombination, interrupted by small
blocks of high recombination (recombination hotspots). Furthermore, these block
boundaries are not always well defined, as recombination may occur within the large
blocks and block characteristics may vary between populations (Stumpf, 2002; Tishkoff
and Verrelli, 2003). The Y-chromosome may seem a more likely candidate as it undergoes
no recombination and is inherited as a single unit (Jobling and Tyiler-Smith, 2000). As the
Y-chromosome is absent in females and only present in males as a single copy, it is
considered to be in a haploid state with a coalescence time equal to one quarter of that of
autosomes (Jobling and Tyler-Smith, 2000). These two aforementioned facts are
advantageous, as mutations are not shuffled between maternal and paternal lineages and
represent unique events in evolutionary history. However, the Y-chromosome is sensitive
to introgression as admixture is often sex-biased (Jobling and King, 2004) and is

particularly sensitive to drift due to its haploid nature (Rosser ef al., 2000).
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Deducing human evolutionary histories utilising mitochondrial genetics has been most
popular, as discussed in Paragraph 2.8. However, the genetic differentiation between
mitochondria of different populations is decreased due to female-mediated recruitment
during migration and the fact that women cross the cultural boundaries more often than
men (Seielstad ef al., 1998).

2.1 HUMAN ORIGINS AND EARLY MIGRATIONS

Models have been proposed to explain the replacement of archaic humans by
anatomicailly modern Homo sapiens sapiens. Africa has been proposed as the geographic
location of emergence of anatomically modern humans (Cann et al, 1987,
Vigilant ef al., 1991). This forms the basis of the strongly supported replacement model in
which humans evolved relatively recently from a small African population circa
(ca.) 143,000 + 18,000 years before present (YBP) and migrated out of Africa to colonise
the entire globe, replacing archaic humans ca. 100,000 YBP (Horai et al., 1995). The
Strong Garden of Eden (Harpending et al., 1993), the African Eve (Cann et al., 1987) and
the Out of Africa (Giles & Ambrose, 1986) models all describe this replacement model,
which is also supported by fossil records (Horai el al., 1995). The earliest fossils of
anatomically modern humans found in Africa can be dated to between
ca. 100,000 and 250,000 YBP. The earliest modern human fossil identified outside Africa
was detected in the Levant (Israel, Syria and Lebanon) and dated back to ca. 100,000
YBP (Stringer & Andrews, 1988).

An alternative model for human origins was proposed by Wolpoff (1972) in which Homo
erectus migrated out of Africa one million YBP and colonised regions of the New World. In
this muitiregional model, populations of Homo erectus in different regions of the New
Worid evolved independently into modern humans. The occurrence of gene flow between
continental populations would have prevented differential speciation so that the modern
human precursor evolved concurrently. Variants of this model exist, such as the
Hybridisation and Replacement hypothesis, which claims that Africans in Europe and
Western Asia were assimilated through hybridisation by a large African contribution
(Ambrose, 1998).
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2.1.1 _ The emergence of man

The exact emergence of anatomically modern humans from their ancestor is not well
defined. Homo erectus and its descendant Homo heidelbergensis, as well as Homo
neanderthalensis, possibly had a direct role in modern human origins. Genetic evidence
for the recent African origin model was provided by Cann et al. (1987). This is greatly
supported by mtDNA evidence, which indicates that African populations possess greater
mtDNA diversity than European and Asian populations (Cann et al., 1987) and that all
non-African populations can be traced back to a single African “mitochondrial Eve” that
represents a small, homogeneous mitochondrial population which lived between
ca. 140,000 and 200,000 YBP (Cann et al., 1987, Vigilant et al., 1991). Through sequence
determination of ancient DNA, Krings et al. (1997) determined that Homo neanderthalensis
had made no genetic contribution to modem humans. The lack of modern human genetic
components in the Neanderthal mtDNA sequence may however be attributed to genetic
drift. By calcuiating evolutionary rates in Caucasian haplogroups relative to known rates in
other populations, Torroni ef al. (1994a) were able to demonstrate that Caucasian-specific
haplogroups could not have been derived from Neanderthal populations. This view is
challenged by the finding of a human burial site dated to ca. 24,500 YBP in Portugal,
which possibly represents millennia of hybridisation between resident Neanderthal
populations and invading Homo sapiens (Duarte et al., 1999). However, none of the
samples considered as anatomically transitional between modern humans and
Neanderthals have yet presented any evidence of mtDNA admixture between the two
groups (Serre et al., 2004).

A recent, more comprehensive study on ancient mitDNA involving 24 Neanderthal
individuals could present no proof of admixture (Serre et al., 2004). By including early
modern human remains of individuals who lived closer in time to Neanderthais than
contemporary humans into their study to minimise the effects of drift, a genetic contribution
larger than 25 percent (%) could be statistically rejected. For a 10% Neanderthal mtDNA
contribution to be excluded, it was concluded that an analysis of an additional 50 early
human remains would have to be performed. It can thus be concluded that a Neanderthal
miDNA contribution to the modern human mtDNA pool cannot yet be excluded and the
extinction of Neanderthal mitochondrial lineages may account for the absence thereof in
contemporary humans (Serre et al., 2004).
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Ancient Aboriginal Australian remains of an anatomically modern human from the terminal
Pleistocenefearly Holocene periods may represent the oldest human mitochondrial
ancestor (Adcock et al, 2001). The findings represent fossils of anatomically modern
humans of which one can be dated to ca. 60,000 YBP, making it older than most
Neanderthal samples. This mtDNA is absent in living Australians and therefore represents
an extinct mtDNA lineage. When comparing this ancient DNA to modern-day DNA, the
finding demonstrates that one of the deepest mtDNA lineages are Australian. This does
not imply that the geographic emergence of modern humans occurred in Australia,
anymore than an African origin implies an African geographic origin. However, it does
pose a challenge to the recent out of Africa model by implying that replacement of modern
humans occurred in Australia (Adcock ef al, 2001). This also demonstrates that if an
mtDNA lineage belonging to modern humans can become extinct, then the absence of
Neanderthal mtDNA in modern humans cannot rule out the possibility of a genetic

contribution.

22 THE MITOCHONDRION

Mitochondria are organellular entities in eukaryotic cells that form the location of cellular
energy production. Mitochondria contain their own genomes consisting of mtDNA. Each
mitochondrion contains ca. ten mtDNA genomes, which evolve faster than nuclear DNA
(nDNA), are maternally inherited and do not undergo recombination (Brown et al., 1982b;
Wallace, 1994}, as discussed in Paragraph 2.3. Mitochondria are abundant in cells,
relatively small and easily isolated and have been the focus of many genome sequencing
projects (Borst, 1877). The investigation of mtDNA is therefore ideal for the inference of
genetic phylogenies of species (Wallace, 1994).

2.2.1 _Inheritance

The major portion of a human’s mitochondria is included in the egg cell, thus ensuring that
mitochondria are inherited in a strictly maternal fashion. Giles et al. (1980) first
demonstrated this but it would only be true if paternal mitochondria were present at less
than 4%. Paternal mitochondrial contribution to offspring is considered negligible, as the
mammalian egg cell contains ca. 1,000 times more mitochondria than a sperm cell, and
most of the male mitochondrial contribution is destroyed upon reaching the oocyte
cytoplasm (Kaneda et al., 1995).
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2,.2.2 Mitochondrial structure and function

The mitochondrion is wusually an ellipsoid-shaped organelle, depending on the
physiological state of the cell, approximately 0.5 micrometres (um) in diameter and 1.0 um
in length. The organelle is made up of an outer smooth membrane and an inner
invaginated membrane (Borst, 1977). The invaginations form structures known as cristae,
which increase the membrane surface area, and surround the mitochondrial matrix. The
mitochondrial shape has evolved in order to translocate protons across its semi-permeable
membrane for the coupling of respiration to adenosine triphosphate (ATP) synthesis
(Mitchell, 1961). The mitochondrion forms the primary location for metabolic functions such
as the citric acid cycle, fatty acid oxidation, electron transport and OXPHOS. The
mitochondrial matrix contains high concentrations of soluble enzymes that take part in
oxidative metabolism, DNA replication, translation and interact with substrates, nucleotide
cofactors and inorganic ions. The outer membrane contains porins, which allow
non-specific diffusion of large molecules. The inner membrane contains considerably more
proteins, which allow for increased permeability of oxygen (O.), carbon dioxide (COy),
water (H,O), respiratory chain proteins and transport proteins, which control the movement
of ATP, adenosine diphosphate (ADP), pyruvate, calcium cation (Ca®*) and phosphate. It
is this selective permeability of the inner membrane to most ions that allows for the
generation of concentration gradients, which drive the production of ATP (Voet and Voet,
1995).

The electron transport system is localised in the mitochondrial matrix and inner membrane
and couples the free energy of the electron transfer from nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH,) to O, thus resulting in ATP
synthesis. This process occurs via protein-bound redox centres localised in the inner
mitochondrial membrane. Respiratory enzyme complexes located in the inner membrane
*pump” protons from the matrix across the inner mitochondrial membrane whereafter the
controlled re-entry of protons into the matrix drives ATP synthesis from ADP. The proteins
in the inner membrane are grouped into four respiratory complexes. Complex |
(NADH-coenzyme Q [CoQ] reductase) contains one molecule of flavin mononucleotide
and several iron-sulphur (Fe-S) clusters and passes electrons from NADH to CoqQ.
Complex li (succinate-CoQ reductase) contains the citric acid cycle enzyme succinate
dehydrogenase and three other small hydrophobic subunits and passes electrons from
succinate to CoQ. Complex Il (CoQ-cytochrome ¢ [cyt ¢] reductase) consists of two

b-cytochromes, one cytochrome ¢y and one Fe-S cluster and passes electrons from
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reduced CoQ to cyt c. Complex IV (cyt ¢ oxidase) catalyses the oxidation of reduced cyt ¢
and the reduction of O, A fifth complex, compiex v, the proton-translocating ATP
synthase, is responsible for the creation of a proton gradient across the inner
mitochondrial membrane and the production of ATP (Voet and Voet, 1995).

2.3 MITOCHONDRIAL GENETICS

A mammalian cell contains ca. 1,000 - 10,000 mitochondria (Clayton, 1982) and each
mitochondrion contains ca. 10 mitochondrial genomes (Bogenhagen and Clayton, 1974).
The mitochondrial genome is a closed circular, double-stranded DNA molecule of
16,569 bp. The genome contains the genes for the 12 Svedberg units (S) rRNA (128
RNA) and 168 rRNA (16S RNA) as well as 22 tRNA molecules that are essential for
mitochondrial protein synthesis and 13 polypeptides that are integral to the enzymes of the
OXPHOS pathway (Anderson et al., 1981). The complete mitochondrial genome was
sequenced by Anderson et al. in 1981. The two strands of the mitochondrial genome can
be distinguished based on their guanine (G) + thymine (T) base composition. This results
in differential buoyant densities in denaturing caesium chloride gradients and allows for the
naming of heavy (H) and light (L) strands. The H-strand encodes two rRNA genes, 14
tRNAs and 12 polypeptides, which is more than the L-chain, which encodes only eight
tRNAs and a single poiypeptide. All 13 encoded polypeptides are components of the
respiratory chainfOXPHOS system. These genes encode seven polypeptides of complex i,
one polypeptide, namely cytochrome b (cyt b) of complex iii, three polypeptides (cyt ¢
oxidase subunit | [COI], cyt ¢ oxidase subunit Il [COI], and cyt ¢ oxidase subunit |l [COH]))
of compiex iv and two polypeptides, namely ATP synthase subunit 6 (ATPase6) and ATP
synthase 8 (ATPase8) of complex v (Wallace, 1992; Taanman, 1999).

The mitochondrial genome displays unique features relative to the nuclear genome. The
mitochondrial genome utilises a modified standard genetic code, which differs from the
universal code (Barrel et al, 1980). The codon UGA in the mitochondrial genetic code
codes for tryptophan, whereas UGA in the standard genetic code represents a termination
codon. AUA codes for methionine instead of isoleucine in the mitochondria, and AGA and
AGG are termination codons instead of codons for arginine. The mitochondrion also has a
simplified decoding system, which allows the translation of all codons with less than the 32
different tRNA molecules utilised in nDNA. The reduction in tRNAs is due to the use of a
uracil (U) base in the first anticodon (wobble) of a single tRNA, which recognises all
codons of a four-codon family (Barrel ef al,, 1980). Mammaiian mtDNA shows extreme
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economy regarding gene organisation. The mitochondrial genome lacks introns {(except for
a single regulatory region), intergenetic regions are either absent or limited to a few bases,
the rRNA and tRNA molecules are small (Wolstenholme, 1992) and some protein genes
are overlapping (Montoya ef al., 1983).

2.3.1 _Mitochondrial replication and protein expression

The mitochondrial genome self-replicates and is utilised as a template for DNA expression.
Mitochondria are dependent on nuciear-encoded products for their maintenance and
propagation. Mitochondrial replication of mammalian mtDNA initiates unidirectionally from
two separate strand-specific origins. Synthesis of the leading H-strand initiates at a
non-coding region, termed the origin of H-strand synthesis (Oy), and proceeds two-thirds
around the molecule displacing the original H-strand. H-strand replication exposes the
replication initiation site of the lagging strand (O,), allowing DNA synthesis of the L-strand
to initiate, resulting in the formation of a displacement loop (D-loop). The newly
synthesised H-strand of ca. 680 bp is flanked by tRNA phenylalanine (tRNA™) and tRNA
proline (tRNAP™) genes, and is known as 7S DNA. This is a short triplex region thought to
represent aborted replication intermediates (Anderson et al., 1981). A second, more
conventional model of replication exists in which synthesis of the leading and lagging
strands initiate simuitaneously. Replication initiates at a single site, On, and proceeds
unidirectionally with the formation of short Okazaki fragments on the lagging strand
(Spelbrink, 2003).

Two major transcription initiation sites exist (1T and IT.) within 150 bp of each other in
the major non-coding region. There are two independent promoters for H and L-strand
transcription with a second initiation site for H-strand transcription (ITy2) which is utilised
less frequently than ITys. Once L-strand transcription is initiated, a single polycistronic
precursor RNA encompassing almost all genetic information contained on the strand is
synthesised. H-strand transcription is complicated by the presence of two promoters.
Transcription occurs frequently at 1Ty and terminates at the end of the 16S RNA gene,
resulting in elevated synthesis of the two rRNA genes. Transcription initiates less
frequently at ITwz, which produces a polycistronic molecule that is equivalent to almost the
complete H-strand. Processing of these primary transcripts is relatively easy, given the
lack of intervening sequences. Genes for tRNAs flanking the two rRNA genes and nearly
every protein gene are proposed to form punctuation marks in reading mtDNA information
through the secondary structure that tRNAs adopt (Taanman, 1999).

10
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Translation occurs in the mitochondrial matrix through mitochondrial ribosomes that have a
lower RNA and a higher protein content than their cytosolic counterparts. Ribosome
binding to mammalian mitochondrial messenger RNA (mRNA) is not facilitated via
upstream sequence, as it contains no upstream leader sequences. Transiation is initiated
at the §-end with the codon for initiation being N-formylmethionine. Ribosomes are not
directed to the initiation sites via a recognition and scanning approach, as a
7-methylguanylate cap structure is absent from the 5'-termini of mitochondrial mRNA. The
resulting decrease in efficiency of translation may explain the relative abundance of mRNA
species in the mitochondrion (Taanman, 1999).

2.4 CALIBRATION OF MOLECULAR PHYLOGENIES

Hominid phylogenies based solely on morphological characteristics are not reliable,
therefore the employment of molecular data is vital (Collard and Wood, 2000). Degrees of
difference between clades can only be inferred if compared relative to a related clade that
is an external point of reference. This clade is referred to as an outgroup and should be
the oldest point in the tree. The outgroup determines the order of branching, which
indicates the evolutionary relationships between groups as well as the branch length,
which represents the proportional evolutionary difference. Although the outgroup is not a
natural member of the group, a too distantly related outgroup may result in an outcast
group (Baldauf, 2003). African apes are thus too distantly related to humans to allow for
calibration of the mitochondrial D-loop clock (Horai et al., 1995).

2.5 CAMBRIDGE REFERENCE SEQUENCE

A reference sequence of the entire mitochondrial genome was constructed when the
genome was fully sequenced in 1981 by Anderson et al. (1981). This sequence was
utilised to compare generated sequence data to a proposed correct reference sequence
and was termed the Cambridge Reference Sequence (CRS). The sequence was
generated from a single H haplogroup European individual and sequences from Hela
(Henrietta Lacks) cells and bovine mtDNA (Anderson et al.,, 1981). Andrews et al. (1999)
revised the CRS due to the finding of an error frequency of 0.07% in the original sequence
when compared to other mitochondrial sequences. Once this revised CRS (RCRS) was
determined, it was possible to distinguish between a polymorphism and a functional
alteration for a given mtDNA type. By comparing entire mitochondrial genome sequences
of African and European individuais to the RCRS, Van Brummelen (2003) identified

11
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exceedingly greater differences between African mtDNA and the RCRS than European
mtDNA and the RCRS. It was therefore extremely difficult to differentiate between a
polymorphism and a functional alteration in African individuals. Although the generation of
a reference sequence is not an objective of this study, a future aim may be to generate
haplogroup-specific reference sequences in macro-hapiogroup L.

2.6 ORIGIN OF THE MITOCHONDRION

General consensus on the origin of the mitochondrion is through endosymbiotic events
and not autogenously through cellular differentiation during the course of evoiution. Waliin
(1922) first proposed mitochondria to be derived from cyanobacterial endosymbionts. This
idea was later revived by Margulis (1970) who stated that eukaryotic organelles had been
acquired via ingestion of prokaryotic cells. Evidence of this origin is based on several
observations, namely that the mitochondrion is of a comparable size to many prokaryotes,
its genome is circular and of a similar size and complexity as observed in prokaryotes, its
pattern of antibiotic resistance is similar to that of prokaryotes and it has a double
phospholipid bilayer. Based on ribosomal DNA (rDNA) sequences, plastids and
mitochondria have distinctly different phylogenetic ancestries and could not have
originated autogenously within the same host cell. A sequential origin, in which

mitochondria and plastids (in that order) were acquired, was proposed by Margulis (1970).

2.7 MITOCHONDRIAL GENETIC VARIATION

Mitochondrial genomes are replicated and transmitted in their respective mitochondria to
the offspring. The mitochondrial sequence is conserved from parent to offspring, but
differences can occur through chance, population history or selection (Elson et al., 2004).
The variation generated is utilised to reconstruct the evolutionary history of populations
and determine the implications of sequence change (Brown ef al., 1980).

2.7.1 Genome evolution

The evolutionary rate of the animal mitochondrial genome is greater than that of the
nuclear genome. Using restriction map analysis to generate the percentage sequence
differences between Guinea baboon, rhesus macaque, guenon and other higher order
primates, Brown et al. (1979) allowed for the elucidation that mtDNA evolves five to ten
times faster than single-copy nDNA. The mutation rate of mtDNA was calculated
as 0.02 substitutions per bp per million years. Possible factors responsible for the higher
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mutation rate in mtDNA compared to nDNA were greater exposure to oxidative damage, a
more error-prone system of replication, less efficient editing or repair functions and a
higher rate of turnover (Brown et al, 1982b). The same authors noted that 92% of
point-mutations in human, chimpanzee, gorilla, orang-utan and gibbon mtDNA were
transitions. This was observed in both tRNA and protein-coding genes and was attributed
to a bias in the mutation process rather than to selection on the mutation. It was also
observed that the percentage of transitions decreases when more distantly related
organisms are compared. This time-linked decrease may be due to mulitiple substitutions
at the same nuclectide site and demonstrates the importance of comparing closely related

species to infer evolutionary relationships.

2.7.2 Implications of variation

According to the infinite allele model, which applies to selectively neutral loci, the chance
of survival of different mtDNA types is equal. The observed frequency distribution of
mtDNA types is thus due to drift and frequency equilibrium is maintained through
neutrality. The mitochondrial molecule was considered to be neutral (Moritz ef al.,, 1987),
until Johnson et al. (1983) detected deviations from neutrality in mtDNA type frequency
distributions. Excoffier (1990) studied mtDNA frequency distributions in 31 human
populations and identified several Oriental and Caucasian populations as excessively
homogeneous. All African samples investigated were more diverse and conformed to the

neutral model of populations at equilibrium.

2.7.21 Adaptive variation

Mutations in the mitochondrial genome may bring about a selective advantage over the
parental type. Torroni et al. (1994c) studied a possible link between mtDNA variation and
adaptation to high aititudes in Tibetans. Haplogroups of high-altitude Tibetans were similar
to those of low-altitude Tibetans as well as other Asians. This suggested that no major
selective pressure had acted on high-altitude haplogroups. Based on the fact that only
mtDNA haplogroups M and N left Africa to enrich Eurasia and that there is a five-fold
enrichment of haplogroups A, C, D and G between central Asia and Siberia,
Mishmar ef al. (2003) suggested these enrichments to be due to a selective advantage on
mitochondrial haplogroups as migrations took place into colder habitats. Analysis of amino
acid substitution mutations versus neutral mutations in mtDNA protein coding genes of 104
complete mtDNA genomes from a vast global region revealed that the ATPase6 gene held
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the greatest variation. The most variant ATPase6 gene was observed in populations from
the arctic zones. Variations of the ATPase6 gene would reduce the coupling efficiency in
ATP synthesis in the mitochondrial OXPHOS, thereby increasing the basal metabolic rate.
The individual would require a higher caloric intake, which could be provided by a high-fat
diet to produce excess heat energy in order to cope with a colder habitat. Mitochondrial
mutations that result in differences in energy metabolism also result in aitered
mitochondrial oxidative damage, which affects human health and longevity (Coskun et al.,
2003; Ruiz-Pesini ef al., 2004).

2722 Mutations and human disorders

Mutations in the mitochondrial genome may become fixed in a population through being
selectively advantageous or through genetic drift if they are neutral. However, mutations
may also be deleterious and result in genetic disorders. Mildly deleterious mutations that
affect the phenotype and therefore fitness at a late onset will become fixed in the
population as a polymorphism. However, deleterious mutations having an early onset will
be rapidly removed by selection (Wallace, 1985). Therefore, early onset deleterious
mutations are transient in nature, indicating that modern-day disorder-causing mutations
have a recent origin (Wallace, 1994).

Pathologically deleterious mtDNA mutations are either missense mutations that alter
polypeptide encoding genes or protein synthesis mutations that alter rRNA or tRNA genes
(Wallace, 1992). LHON and neurogenic muscle weakness ataxia and retinitis pigmentosa
(NARP), together with Leigh syndrome, represent the most investigated clinical
phenotypes that are due to missense mutations. LHON is a form of acute or subacute
blindness which leads to central scotoma. Nineteen point mutations have been identified
as associated with the disorder, of which five are primarily causative (Wallace, 1995). All
five mutations lead to the same phenotype but with different levels of severity, which are
due to differences in heteroplasmic status and the ability to cause additional neurological
symptoms. Two mutations observed in the ATPase6 gene are causative of NARP and
highly pathogenic, which suggests that the mutations arose independently. The
heteroplasmic nature of these two mutations resuit in neurological symptoms ranging from
retinitis pigmentosa, mental retardation, olivopontocerebellar atrophy to Leigh syndrome,
which represents the most severe phenotypic presentation of NARP syndrome (Wallace,
1992).
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Nearly 30 mitochondrial tRNA and rRNA gene mutations have been associated with
disorders, which range in severity from mild to lethal. Protein synthesis alterations that are
moderate to severe can result in severe clinical symptoms in children or young aduits, tend
to reduce reproductive success and are usually heteroplasmic. Alterations of protein
synthesis that are miid in nature may only result in the presentation of clinical symptoms
once a reproduction age has been reached. A population can maintain these mutations at
a low frequency as they are generally homoplasmic. Rearrangements in mtDNA can also
be causative of disorders. More than 100 mtDNA rearrangements have been observed to
be associated with degenerative disorders. These mutations are associated with three
main clinical phenotypes, namely ocular myopathies such as Kearns-Sayre syndrome and
chronic progressive external ophthalmoplegia, Pearson marrow/pancreas syndrome, and

adult-onset diabetes mellitus with deafness (Wallace, 1995).

Certain clusters of mtDNA disease variants may be associated with specific haplogroups,
thereby increasing the likelihood of disease. This is supported by several findings, such as
an increased penetrance of LHON mutations in haplogroup J (Hofmann et al, 1997),
variants in haplogroup H that are associated with late-onset Alzheimer’s disease (Shoffner
et al., 1993), an increased probability of becoming blind if an individual belonging to
haplogroup J has Leber's hereditary optic neuropathy (Brown ef al, 2001) and positive
and negative associations of haplogroups T and H with asthenozoospermia (Ruiz-Pesini
et al., 2000). Nucleotide variants identified as non-disease causing, may contribute to the
disease by acting synergistically towards the expression thereof (Hofmann et al., 1997).
Differences in disease expression and prevalence exist, as well as variability in drug
response, between certain genetically identified clusters (Tate and Goldstein, 2004), and
are discussed further in Paragraph 2.10.

2.8 MITOCHONDRIAL PHYLOGENIES

The combination of parameters such as high mutation rate (Wilson et al., 1987), strict
maternal inheritance (Giles ef al., 1980) and no recombination has made the mitochondrial
genome ideal for deducing evolutionary phylogenies. Regions of the Y-chromosome are
subjected to similar parameters, however, phylogenies that complement mitochondrial
histories have not always been matched.

The distribution and frequency of shared alterations between individuals is an indication of
the degree of genetic relatedness between individuals (Cann et al., 1987). The variation
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observed within human populations is comparable to that observed between different
populations (Cann et al., 1987). Therefore, individuals of different populations share more
alterations than individuals within a population (Cann et al., 1987). Populations that have
undergone the same history share unique alterations that other populations do not
possess. It is these unique alterations that are utilised to identify populations (Brown,
1980).

2.8.1  Methods of assessment of variation

Variation between mitochondrial genomes is expressed as sequence variation and can be
detected utilising several methods. These include restriction fragment length
polymorphisms (RFLP) analysis, partial genome sequencing, full genome sequencing,
denaturing high-performance liquid chromatography, and a combination of RFLP and
sequence data (Graven, 1995). RFLP analysis has thus far received most attention
because of its simplicity and robust results, but full genome sequencing has become

popular of late because it provides greater resolution and specificity.

2.8.1.1 Restriction fragment length polymorphism analysis

RFLP analysis has revealed several mitochondrial haplogroups present in humans based
on differential restriction patterns of restriction enzymes (RE). A haplogroup is assigned to
each combination of restriction patterns produced. A change in restriction sites will be
caused by a nucleotide change in the RE recognition sequence. The mitochondria of
humans of mixed origin such as Caucasians from the United States of America (USA), the
Philippines and Egypt, Mongolians from China, and African Americans from the USA were
first analysed utilising 18 RE (Brown, 1980). No differences between individuals were
detected for seven of the enzymes, but the remaining enzymes showed one or more
differences. These differences were due to the presence of mitochondrial alterations, of
which many were shared between two or more samples. It was established that the
patterns of enzyme restriction were group-specific. Utilising the RE Hpa [, Denaro et al.
(1981) discovered six different cleavage patterns in varying frequencies between
Caucasians from the USA and Europe, Orientals from Taiwan, China and Japan, as well
as Pygmies, Khoi-San and Bantu-speaking Africans from Africa. Some of the Hpa | sites
were absent in the populations, and together with the frequency of the different morphs, it
was possible to differentiate clearly between populations. Utilising four additional enzymes,
Bam Hi, Hae ll, Msp | and Ava ll, Johnson ef al. (1983) detected 35 distinct mtDNA types
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in Caucasians, Orientals, Khoi-San and Bantu-speaking Africans. A high correlation was
identified between mtDNA type and the ethnic origin of an individual.

Most African populations form a distinct lineage. Hpa | RFLP analysis of individuals from
different geographic origins revealed one morph to be present only in the African
population in more than 90% of the individuals tested. A phylogeny constructed by
Johnson et al. (1983) utilising RE cleavage patterns from five RE, namely Hpa |, Bam HI,
Hae I, Msp | and Ava |, was centred on one specific mMtDNA type. This mtDNA type had
most branches radiating from it and was the most common type in all African samples.
One of the branches formed a distinct African lineage, which had the highest frequency of
this central mtDNA type. Africans were observed to be genetically the most diverse, with
the variation in the African population being as great as that between Africans and any
other ethnic group (Cann et al., 1987).

Africa is considered the continent that gave rise to the present human mitochondrial gene
pool. Cann et al. (1987), utilising high resolution RFLP analysis (HR-RFLP), constructed a
globai mitochondrial phylogeny (Figure 2.1). All minimum length trees constructed have
two consistent features: (1) there are two primary clades, one consisting exclusively of
Africans and the other of Africans and all other ethnic groups studied, and (2) the
populations are not monophyletic but rather dispersed throughout the tree.
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Figure 2.1: Global mitochondrial phylogeny for human mtDNA
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The root of the most recent common ancestor (MRCA) is indicated by the arrow. Numbers indicate the mtDNA types, number one being
IKung cell line (GM3043), number 45 HelA cells and number 110 from the CRS. Percentage sequence divergence is indicated on the
scales at the bottom of the figure. Adapted from Cann et af. (1987).

2.8.1.2 Sequence analysis

Nucleotide sequences provide the greatest resolution possible when studying molecular
evolution of populations. Various regions of the mtDNA genome have been sequenced,
the most popuiar of which is the 1,121 bp non-coding control region (CR) or “D-loop” which
includes both hypervariable segments (HVS-l and HVS-il). The popularity of the CR can
be ascribed to it having a three to four times greater sequence diversity than that of coding
regions of the mitochondrial genome. Vigilant ef al. (1989) analysed CR sequences from
83 individuals from Africa, Asia, Europe and America, determined the sequence diversity
between the populations and were able to imply a relationship between geographic origin
and sequence differentiation preliminarily. However, CR sequence data alone are
insufficient to calculate nucleotide substitution rates and divergence times. Horai et al.

(1995) sequenced seven full mtDNA genomes of three humans and four nonhuman
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hominids. Utilising these data, the authors were able to estimate the non-synonymous
substitution rate of 0.35 x 107 substitutions per site per year and estimated the age of the
most recent common ancestor (MRCA) to be ca. 143,000 + 18,000 YBP.

In some instances, the same CR sequence may be associated with several RFLP
haplogroups and vice versa. Combined RFLP and sequence data are more powerful than
when utilised separately (Chen et al, 2000). mtDNA analysis can be combined with
Y-chromosome analysis to infer differential population histories between males and
females (Richards ef al., 2003).

2.8.2 Mitochondrial haplogroups

Any combination of polymorphic markers along a non-recombining molecule constitutes a
haplogroup. As the mitochondrial genome does not undergo recombination, polymorphic
markers can be utilised to infer haplogroups. The status of a combination of biallelic
markers is utilised to assign a haplogroup to an individual (Jobling and Tyler-Smith, 2000).

2.8.2.1 Giobal haplogroups

African populations can be divided into two main hapiogroups based on RFLP analysis.
Macro-haplogroup L is characterised by an Hpa I site gain at nucleotide position (np) 3592
which is specific for African populations (Chen et al., 1995). Macro-haplogroup L is further
subdivided into haplogroup L1 characterised by a Hinf | site gain at np 10806 and L2
characterised by a Hinf | site gain at np 16389. The remaining African populations are
characterised by lacking the Hpa | site and are termed haplogroup L3 (Watson ef al.,
1997). This haplogroup occurs in the Senegalese population (Chen et al, 1995), the
Bamileke from the Cameroon (Scozzari ef al., 1994), Khoi-San populations from Namibia
{Soodyall ef al., 1996) and several Bantu-speaking populations from Southern Africa
(Johnson et al., 1983).

Macro-haplogroup L, redefined haplogroup L* (Chen ef a/, 2000), haplogroup L2 and
haplogroup L3 can be further subdivided (Watson et al,, 1997, Chen et a/., 2000). The
subdivision is based on the absence or presence of restriction sites as presented in
Table 2.1.
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Table2.1:  Mitochondrial polymorphisms defining macro-haplogroup L

Haplogroup Defining polymorphisms
L + 3592Hpa |; + 10394Dde |
L1 + 10806Hinf |, - 2758Rsa |
L1a +4310Afu |
L1a, - 4853 Alu |
L1a; - 8112Msp |; - 8150Msp |; + 8249Ava II; - 8250Hae Il
L1b + 7055A/ul
L1by +2348Mbo |
L1b;, +9070Taq |
L2 + 16389 Hinfi;- 16390Ava I
L2a +13803Hae Il
L2b + 4157Alu |
L2c - 322Hae lIl, - 679Dde |, - 13857 Hae |l
L3 - 3592Hpa |
L3a +2349Mbo |
L3b - 8616Mbo |
L3c +10084Taq |
L3d - 103490de |

Adapted from Chen et al. {2000).

There are varying degrees of correlation between haplogroups L* and the ethnic status of
African populations. The Mbuti Pygmies (L2a) and Biaka Pygmies (L1by) grouped
separately with a 100% association between ethnic group and haplogroup. Southern
African IKung and Khwe samples grouped together in the L1a haplogroup. L1a, consisted
predominantly of IKung and L1a was composed of !Kung and Khwe. L2b also included
IKung and Khwe, and L3a consisted predominantly of Khwe. The majority of Vasikela
'IKung, Khwe and Senegalese groups belong to haplogroup L* but aiso have large
proportions of L3 haplogroups, with L3a to L3d being nonuniformly distributed among the
populations (Chen et al., 2000). Haplogroup L3, which lacks the Hpa | recognition site at
np 3592, is not restricted to African populations. The four sub-haplogroups of L3 share
some degree of similarity with haplogroups detected in Europe and Asia
(Chen et al., 2000).

The Caucasian popuiation of Europe can be divided into two main lineages based on the
presence or absence of a Dde | recognition site at np 10394. The European population
was one of the last major populations to undergo high resolution (HR) RFLP analysis,
Torroni et al. (1994a) discovered that 64% of European mtDNAs analysed fell into four
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ancient Caucasian-specific mtDNA haplogroups. The study of three diverse European
popuiations (Finland, Sweden and Tuscany) revealed that nearly all the mtDNAs grouped
into ten mMDNA haplogroups, namely H, |, J, K, M (Asians}, T, U, V, W and X as depicted
in Table 2.2. This pattern of grouping suggested that all European mtDNAs form distinct
haplogroups similar to those observed in Native Americans (Torroni et af., 1993a; Torroni
et al., 1996). Continent-specific haplogroups are also detected in extremely low
frequencies on different continents, which imply that there is limited overlap in variation
between European and non-European mtDNAs. Haplogroups H, I, J, K, T and W are
essentially specific to European populations and most likely originated after Caucasians
left Africa and Asia. Haplogroup U, defined by the presence of a Hinf | recognition site at

np 12308, was also identified in low frequencies in African populations.

Native American mtDNAs form four distinct haplogroups, namely haplogroups A, B, C and
D. Haplogroup A is defined by the presence of a Hae Ill recognition site at np 663,
haplogroup B is defined by a 9-bp deletion between np 8272 and np 8289 which is always
associated with the Hae lll recognition site gain, haplogroup C is defined by an Alu |
recognition site gain at np 13263 and a Hinc !l recognition site loss at np 13259 and
haplogroup D is defined by an Alu | recognition site loss at np 5178 (Torront ef al., 1993a).

Table 2.2: Mitochondrial polymorphisms defining European haplogroups

Haplogroup Polymorphic sites

H - 7025Alu |
[ - 1715Dde |; + B249Ava ll; + 10028A/u |
J -137048st Ol
K - 9052Hae I1; + 13308 Hinf |
T + 13366Bam HI; + 15606A/u |
u + 12308Hinf |
\Y% - 4577Nia Il
w + 8249Ava ll; + 8894Hae il
X 3 -1715Dde |

M (Asian) + 10397Alu i

Adapted from Torroni ef a/. (1996).

Asian mtDNAs can be divided into two major lineages (Torroni et al., 1994¢) based on the
absence or presence of Dde | and Alu | recognition sites at np 10394 and np 10397
respectively. These two macro-haplogroups are further subdivided into haplogroups A, B,
C, D, E, F and G as presented in Table 2.3. Haplogroups A, B and F are defined by the
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absence of the Dde | and Alu | recognition sites at np 10394 and np 10397 respectively,
and haplogroups C, D, E and G are defined by the presence of these two sites (Torroni
et al., 1993a).

Table 2.3: Mitochondrial polymorphisms defining Asian haplogroups

Haplogroup Defining polymorphisms

A + 663Hae lll
B 8271-8281delCCCTCTA
C -13259Hinc Il; + 13262Alu |
D - 5176Alu |

L E - 7598Hha |
F - 12406Hinc II/Hpa |
G + 4830Hae lll; + 4831Hhal

Adapted from Taorroni et al. (1993a).

Populations containing Asian mtDNA haplogroups are presented in Table 2.4.
Haplogroups A, B, C and D are the four founder lineages which colonised America
(Torroni et al., 1993a). Twenty percent of the Ethiopian population possesses the
- 10394Dde |; - 10397A/u | macro-haplogroup. The presence of this haplogroup in the
Ethiopian population, as well as the fact that it is not detected in any other population,
gives rise to the possibility that the Asian and Ethiopian - 10394Dde |, - 10397Alu |
haplogroup may have a common origin (Passarino ef al., 1998).

Table 2.4: Populations containing Asian mtDNA haplogroups

Haplogroup Population (s) Reference (s)
A Taiwanese Han, Native Americans Ballinger et al. {1992); Torroni et al. (1993a)
B Asians, Americans Ballinger ef af. (1992)
C | Telyanese ten Thetans. Aborgna Balinger ot af (1962
D Asians, Siberians and Native Americans Ballinger et af. (1992}, Torroni et al. (1993a)
E Koreans Baliinger ef al. (1992)
F Asians Ballinger ef al. (1992)
G Korean, Nivkhs Ballinger ef af. (1992); Torroni ef al. (1993b)

Populations in specific haplogroups are indicated.

2.8.2.2 Haplogroup evolution

Identification of a founding population is based on the fulfilment of certain criteria. The

founding haplogroup must be widespread throughout the population to which it gave rise, it
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must have a central branching position in the haplogroup phylogeny and it should still be
present in the proposed geographic location of origin (Torroni et al., 1993a).

Shared haplogroups between tribes were determined in the four Native American
haplogroups. Although only haplogroup A had a haplogroup that was central to its
radiation, haplogroup A, B, C and D each had a shared haplogroup in Asia, which is thus
hypothesised to have been the origin of American haplogroups. Based on the degree of
sequence divergence between haplogroups, divergence times of haplogroups were
calculated and are presented in Table 2.5.

Table 2.5: Divergence times of Native American haplogroups

Haplogroup Divergence time range (YBP)
A 22,750 - 45,500
B 6,000 - 12,000
C 24,000 - 48,000
D 13,250 - 26,500

YBP = years before present. Adapted from Torroni ef af. {(1993a).

The difference in divergence times between haplogroup B (ca. 6,000 - 12,000 YBP), the
average of haplogroups A, C and D (ca. 25,500 - 41,000 YBP) and the fact that all these
haplogroups except B are present in Siberia give rise to the possibility that haplogroup B
entered America through a different route and at a different time than haplogroups A, C
and D. Torroni et al. (1994c) proposed a dual early and late entry into America in which
haplogroup B arrived ca. 11,724 - 15,456 YBP and the average arrival of haplogroups A, C
and D was ca. 25,707 - 33,939 YBP. Although these dates of entry are not statistically
compatible with the accepted early and late entry dates, the fact that haplogroup B entered
America separately relative to haplogroups A, C and D is most likely. The finding of
haplogroup X, defined by a C to T transition at the 16223 and np 16278 positions in Native
American populations, which is related to the haplogroup X detected in Europe, makes it a
candidate for a possible additional founding haplogroup with an arrival time of
ca. 12,000 - 36,000 YBP. Since haplogroup X had not been observed in Asians, it was
hypothesised that the Native American haplogroup X founding population was of
Caucasian descent (Brown ef al., 1998) until haplogroup X was observed in Siberia, which
could have been the origin of haplogroup X in Native Americans (Derenko et al., 2001).

Based on the fact that haplogroups H, |, J and K are specific to Caucasian populations, it
was proposed that these haplogroups formed after the separation of Caucasians from
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Africa and Asia more than ca. 80,000 YBP. It was observed that these four haplogroups
are not uniformly distributed across Caucasian populations, as there is a degree of
enrichment for haplogroup | in Europe. It is haplogroup | that contributed the most to the
North American mitochondriai gene pool (Torroni et al., 1994a).

Torroni et al. (2001) rejected the neutral model of a uniform molecular clock acting on
regions outside the control region. Utilising full mitochondrial sequence data, it was
observed that sub-haplogroup L2d was the most divergent clade, with L2a first branching
from L2d and L2b and L2c being the most closely related. This may imply that the different
clades evolve at different rates due to different selective forces acting on clades in different

geographic regions.

2.8.2.3 Deducing human migrations

Early human expansions and migrations can be deduced from the present-day localisation
of mtDNA haplogroups. The first split in the oldest MRCA mtDNA lineage L1a occurred in
Africa, generating L1b/c and L2 ca. 122,000 - 132,000 YBP and ca. 85,000 - 85,000 YBP
respectively. The second split also occurred in Africa ca. 59,000 - 68,000 YBP and gave
rise to L3 and haplogroups taking part in the first expansion out of Africa
(Maca-Meyer et al., 2001). Two possible routes for the first migration out of Africa have
been proposed. The central Asian route through North Africa into the Levant was based on
fossil evidence (Stringer et al, 1989). This migration gave rise to three main lineages
ca. 43,000 - 53,000 YBP, which are present in Asia, Europe and America. One lineage
consists of haplogroups X and A, the second lineage of W, | and N1b and the third lineage
gave rise to at least four clusters. The migration route into South Asia is from Africa
through Eastern Africa/Western india, as indicated in Figure 2.2. The migrating group
would have been haplogroup M, defined by a C to T transition at np 10400, which is
widespread in Asia and is observed in 20% of Eastern Africans (Passarino et al., 1998).
The coalescence time for haplogroup M in Eastern Africa was calculated to be
ca. 48,000 = 15,000 YBP, which is compatible with that of the Indian haplogroup M, which
is ca. 56,000 + 7,000 YBP. This was the first genetic evidence of an exit route from Africa
through Eastern Africa/Western india (Quintana-Murci ef al, 1999). Two independent
migrations into South Asia have been proposed of which one was haplogroup M, which
radiated ca. 30,000 - 57,600 YBP (Maca-Meyer et al., 2001).
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Figure 2.2: Global migrations of human mtDNA
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Although a major human population expansion occurred between ca. 49,000 and
640,000 YBP in Africa, before the split between African and non-African populations, no
such expansion signal has been detected outside Africa. If it is assumed that the
expansion predates the split between African and non-African populations, then it is
surprising to find no signal in non-African populations. This could be explained by a
bottleneck occurring in the non-African population (Reich and Goldstein, 1998). The
occurrence of a population bottleneck also explains the low diversity in modern humans
relative to other hominids in African and non-African populations (Watson ef al., 1997;
Ruvolo et al., 1994).

2.9 AFRICAN EVOLUTION

Denaro et al. (1981) were among the first researchers to perform RFLP analysis on human
mtDNA to infer human origins. Unfortunately, incorrect conclusions were drawn from that
study, as Denaro et al. (1981) proposed Orientals from Asia to be the origin of the
formation of human ethnic groups. This was based on restriction patterns generated by
Hpa |. One of the patterns producing two fragments, of 4.21 kb and 12.30 kb, was identical
to that present in all apes and was observed only in Orientals and Bantus. The frequency
of this pattern is highest in Orientals and was only detected in African Bantus but not
African Pygmies or Khoi-San.

Cann et al. (1987) assumed a constant mitochondrial mutation rate of between two and

four percent per million years and calculated the age of the MRCA of all surviving human
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mtDNAs to be between ca. 140,000 and 290,000 YBP. Utilising a mutation rate of
2.2% - 2.9% per million years (Myr), the age of macro-haplogroup L was calculated to be
ca. 98,000 - 130,000 YBP, haplogroup L1 ca. 86,000 - 113,000 YBP, and haplogroup L2
ca. 59,000 - 78,000 YBP (Chen et al.,, 1995). A more comprehensive list of divergence
times for African haplogroups was constructed by Chen et al. (2000) placing the age of the
MRCA at ca. 125,500 - 165,500 YBP, macro-haplogroup L at ca. 122,800 - 161,800 YBP,
L1 at ca. 113,100 - 149,100 YBP and L2 at ca. 59,000 - 77,700 YBP, as presented in
Table 2.6. This makes macro-haplogroup L the oldest human mitochondrial lineage having
a sequence diversity of 0.356% and it is therefore considered to represent the oldest node
on the present human mtDNA phylogeny. The Vasikela |Kung and the Biaka Pygmies
represent the oldest of the human populations with a Vasikela !'Kung sublineage having
the deepest root in the African lineage relative to the chimpanzee outgroup haplogroup.
Furthermore, the !'Kung displayed a high intragroup diversity of 0.320%, which is only
slightly lower than that of the Biaka Pygmies at 0.342% (Chen et al., 2000).

Table 2.6: Sequence divergence times of African macro-haplogroup L

Haplogroup Divergence time (YBP) Haplogroup Divergence time (YBP)

All African 125,500 - 165,500 L2 59,000 - 77,700
L 122,800 - 161,800 L2a 39,000 - 51,400

L1 113,100 - 149,100 L2b 24,800 - 32,700

L1a 91,400 - 120,500 L2c 17,900 - 23,600
L1a, §7,200 - 75,500 L3 78,300 - 103,200
L1a; 41,000 - 18,600 L3a 41,400 - 54,500
L1b 73,800 - 97,300 L3b 77,600 - 102,300
L1b, 14,100 - 18,600 L3c 28,300 - 37,300
L1b, 84,800 - 111,800 L3d 17,600 - 23,200

YBP = years before present. Adapted from Chen ef al. (2000).

Africa harbours the most complex genetic makeup of any continent by having the most
diverse mtDNA lineages (Figure 2.3). Native Africans cluster within macro-haplogroup L,
and can be further subdivided into haplogroups and sub-haplogroups (Chen ef al., 1995;
Chen et al.,, 2000; Salas et al, 2002). Africa also harbours the most recent widespread
demographic shift (Salas et al., 2002). The first permanent settlements in Africa can be
dated back to ca. 18,000 YBP in the Nile Valley, with the most recent being Bantu
dispersals in West Africa ca. 3,000 - 4,000 YBP.

26



LITERATURE REVIEW CHAPTER TWO

Figure 2.3: African haplogroups
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A neighbour-joining {NJ) tree of Southern African haplogroups utiiising RFLP data. Individuals belong exclusively to macro-haplogroup
L, and can be divided into haplogroups and sub-haplogroups. Many of the sub-haplogroups are even further subdivided. Adapted from
Chen et al. (2000).

The Bantu ethnic group had its origin in West-Central Africa ca. 5,000 YBP (Cavalli-Sforza
et al., 1994). The Bantu lineage migrated south in several expansions during the Bantu
dispersals (Cavalii-Sforza et al,, 1994). The Xhosa, Zulu and Tswana ethnic groups,
detected in Southern Africa, belonged to the Southeast Bantu wave (Cavalli-Sforza et al.,
1994), which reached Southeast Africa ca. 2,000 YBP (Salas et al., 2002). Therefore, the

Bantu ethnic groups shared a common ancestor ca. 5,000 YBP (Salas et al., 2002).The
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mtDNA of contemporary South-Eastern African populations is composed of two distinct
components. These are ancestral types carried by resident popuilations, i.e. the Khoi-San,
before the arrivai of the Bantus, and the types introduced by the Bantus as a result of the
Bantu dispersal (Salas et al., 2002).

Linguistically related populations of Sub-Saharan Africa share a common pool of genes
(Excoffier et al., 1991). The population giving rise to the Bantu expansion could therefore
have been heterogeneous regarding haplogroup composition. The Bantu ethnic groups
thus separated from a heterogeneous population. It is plausible that each Bantu ethnic
group could therefore be assumed to be composed of more than one haplogroup. A
genetically heterogeneous population may consist of different haplogroups, which may
each influence the expression of a specific disorder in a slightly different manner. The level
of genetic differentiation between ethnic groups will affect the level at which sampling is
executed during genetic studies.

African prehistory has been focused on linguistics because of a poor understanding of
archaeology. However, controversy still remains when these tools are utilised and this has
prompted the use of MDNA studies. Although many mtDNA markers have been proposed
to indicate signals of Bantu dispersals, most studies do not include any southern Bantu
data (Salas et al., 2002).

The South African population represents unique genetic aeticlogies. Mutations identified
as disorder-causing in non-South African populations are not associated with the same
disorder symptoms in the South African population {Olckers et al.,, 2001). The South
African population also harbours unique polymorphisms not observed in other populations
(Van Brummelen, 2003). The South African population is thus unique on a genetic level
and is also considered culturally unique, in terms of the age of recent evolution and
language (Salas et al., 2002).

2.10 LINGUISTIC INFLUENCE ON DIVERSITY

Populations diverge genetically due to genetic drift, selection, bottlenecks, founder effects
and size fluctuations, but these differences are reduced by the exchange of individuals
between populations, namely migrants. The number of migrants is influenced by
geographic distances as well as barriers, such as mountains, seas and deserts. In

addition, more elusive obstacles for migrants are cultural barriers, such as language,
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politics and religion. Therefore, the observed levels of genetic differentiation between
populations may be attributed to geographic as well as cultural factors, of which language
is the most significant as it has the greatest time depth (Rosser et al., 2000). However,
although most genetic barriers correlate with linguistic boundaries, the presence of some
languages is not a result of persistence but rather recent acquisition through elite
dominance. Elite dominance resuits via language acquisition from invading populations

and is not always linked to a high degree of genetic admixture (Rosser et al., 2000).

In a global Y-chromosome haplogroup study, Poloni et al. (1997) observed that linguistic
differentiation is strongly linked to geographic structure, although it was observed that
genetic differences are more important in distinguishing between language groups than
between populations within a language group. This was confirmed by Rosser et al. (2000)
who detected clines of Y-chromosomal variation in Europe that did not have a high degree
of correlation with linguistics. This can be due to the fact that the study of Poloni et al.
(1997) was global and showed greater genetic and linguistic differentiation, whereas
individuals included in the study by Rosser et al. (2000) were from a single continent and

from a single language group, the Indo-European fanguage group.

Rosser et al. (2000) stated that the finding of a homogeneous landscape as revealed by
European mtDNA, in contrast to Y-chromosomal studies, may be a resuit of the depth of
analysis, for example, at which sublineages are studied. This is also a result of a high
degree of Y-chromosome differentiation, as a result of drift and a greater migration rate of
women compared to men. The greater migration rate of women is due to the phenomenon
of patrilocality (Seielstad et al. 1998), whereby women are more likely to move from their
birthplace after marriage than men because of custom, and the fact that it is easier for

women to cross the cultural barrier than men.

A large degree of genetic structure is observed in Africa due to the large amount of genetic
differentiation between the Niger-Congo, the Afro-Asiatic and the Khoi-san groups.
However, the Niger-Congo group, to which the Bantu group belongs, showed the lowest
level of internal genetic diversity (Poloni et al., 1997), which may be the result of a recent
Niger-Congo population dispersal (Salas ef a/., 2002). Similar results for the Niger-Congo

sample were obtained by mtDNA analysis, although low resolution RFLPs were utilised.

The categorisation of genetic groups in the study presented, utilising linguistic criteria, has

several limitations. Firstly, genetic differences are inversely related to the amount of gene
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flow, which depends on geographic distance and on the presence of barriers (Barbujani,
1991), such as language differences. Migrants between linguistic groups would increase
the genetic relatedness between them. Secondly, female migration occurs through
patrilocality, as described above, as women tend to cross cultural barriers more easily than
men (Seielstad et al., 1998). The woman’s children would adopt the language of the
recipient population, but would possess the mother's mitochondria. Obscuring of
evolutionary histories through patrilocality may be resolved via Y-chromosomal instead of
mtDNA analysis. Thirdly, languages evolve more rapidly than genes (Cavalli-Sforza ef al.,
1988) and may thus reflect evolutionary units not definable through genetic components.
Finally, languages can undergo rapid replacement from invading populations without a
significant amount of genetic admixture (Rosser et al., 2000).

Genetic clusters that are formed by common disease expression and prevalence, as well
as variability in drug response, as mentioned in Paragraph 2.7.2.2, correspond to major
continental populations, classified according to self-identified ethnicity. There also exists
the aforementioned variability between sub-populations in major globai populations (Risch
et al., 2002). These sub-populations are not always identifiable by self-reported ethnicity,

but are effectively characterised utilising genetic inferences (Risch et al., 2002).

The effectiveness of self-identified ethnicity, as an indicator of the genetic make-up of
individuals, is reliable on a global scale, as discussed in the preceding paragraph, and
varies in sub-populations of continent-specific populations, as discussed at the beginning
of Paragraph 2.10. Health discrepancies between populations exist not only as a result of
genetic differences, but are also attributable to the following factors: culture, diet,
socioeconomic status, access to health care, education, environmental exposure, social
marginalisation, discrimination and stress (Collins, 2004). Ethnicity may serve as a proxy
to clarify genetic variation between sub-populations, to elucidate the effects of
environmental factors and as a predictor of common disease expression, prevalence and
response to certain drugs. Self-defined ethnicity can therefore not be ignored in the study
of genetic disorders (Tate and Goldstein, 2004).

211  AIMS

The broad aim of the extended research programme is the clarification of the genetic
relationship between different Southern African ethnic groups. The genetic association

between ethnic groups is an indication of whether or not ethnicity serves as a marker in
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the identification of genetic groups in the Southern African population. This will assist in
the sampling strategy employed to obtain a representative sample of the Southern African

population.

2.11.1_Specific aims of thig investigation

The current study included the following aims:

i) To generate the complete mitochondrial genome sequences of 10 individuals
from three different ethnic groups.
ii) To detect and report all alterations between individuals and between individuals and
the RCRC.
iii) To determine the genetic make-up of each ethnic group by detecting the following:
e The amount and distribution of sequence differences between individuals.
¢ The haplogroup assignment of each individual.
e Phylogenetic analysis of the complete mitochondrial sequence of all

individuals analysed.
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CHAPTER THREE
MATERIALS AND METHODS

Ethical approval was granted by the Ethics Committee of the North-West University in
2002 for a project entitled “Mitochondrial DNA (mtDNA) mutations in patients with a
suspected mitochondrial disorder in the South African context” with approval number
02MO2. Individals analsed during the current study were also enrolled in the project
entitled “Molecular analysis of non-insulin dependent diabetes mellitus (NIDDM) in the
South African population” with approval number 02M08. Participants in this investigation
were thus enrolled separately in the two projects, and written informed consent was
obtained from all individuals.

All reagents utilised in this investigation, uniless stated otherwise, were analar quality
products supplied by Promega®'. The manufacturer's specifications were followed for all

kits utilised with modifications thereof indicated where applicabie.

3.1 SAMPLE POPULATION

The samples utilised were previously collected during the Profile of Obese Women with
Insulin Resistance Syndrome (POWIRS) project at the metabolic unit of North-West
University. This project was a multi-disciplinary investigation by numerous departments
from North-West University conducted in April and May 2003. The individuals were black
African women from different ethnic origins. Ten individuals of different ethnic background
were analysed, namely three Zulu, three Xhosa and four Tswana individuals. Blood
samples of individuals representing the ethnic groups had previously been obtained in the
POWIRS project and the DNA of each individual analysed had been isolated previously by
the Centre for Genome Research. Individuals were considered as unlikely to harbour
causative mitochondrial mutations, as no mitochondrial disorders were recorded in any of
the individuals. The availability of DNA samples, as well as the absence of mitochondrial
disorders, determined the criteria for inclusion of individuals. For the purpose of this study
it was not necessary to obtain individuals belonging to distinct ethnic groups outside South
Africa, as the groups chosen are well represented in South Africa and form distinct ethnic

groups.

! Promega® is the registered trademark of the Promega Corporation, Madison, W, USA.
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The ethnic origin of an individual was determined utilising language information that was
provided by the participant. The ethnicity of the individual as well as that of both parents
was utilised to ascertain the ethnic origin of the individual. Individuals having the same
ethnicity as both parents were designated as representing that specific ethnic group for the

purpose of this study.

3.2 DNA ISOLATION

DNA had previously been collected and isolated during the POWIRS project at the
Metabolic Unit of the North-West University in April and May 2003, as discussed in
Paragraph 3.1. It was therefore not necessary to re-isolate DNA. Blood had previously
been collected and stored in ethylenediamine tetra-acetic acid (EDTA) blood collection
tubes to prevent clotting. Genomic DNA (gDNA) had previously been isolated from whole
blood utilising a modified NucleoSpin®' kit protocol developed by Machery Nagel. The
isolation kit specifies that three millilitres (ml) of whole blood be added to three ml chilled
buffer C1, to which 8 ml chilled distilled water was added. The tube containing the solution
was inverted until translucence was observed and then centrifuged for 15 minutes (min) at
1,300 x gravitational acceleration (x g) at four degrees Celsius (°C). Following

centrifugation the supernatant was discarded.

Four hundred microlitres (ul) phosphate buffered saline (PBS) solution [4.3 millimolar (mM)
di-sodium hydrogen phosphate (Na;HPO,), 1.4 mM potassium phosphate monobasic
(KH2PQ4), 137 mM sodium chloride (NaCl), 2.7 mM potassium chloride (KCl)] was added
to dissolve the remaining leukocyte pellet via vortexing the solution for one min. The
leukocytes were subsequently lysed by the addition of 400 pl buffer B3 and 50 pul
proteinase K solution. The tubes were vortexed to ensure the entire pellet was dissolved
and in order to ensure complete lysis, it was incubated at 70°C for 10 min. The pellet was

homogenised by the addition of 400 pl of ethanol and subsequent vortexing.

Six hundred pl of the above-mentioned solution was added to a NucleoSpin® column,
which was placed into a 2 ml collection tube, and subsequently centrifuged at 10,000 x g in
an Eppendorf® 5810 R centrifuge for 2 min. The column was removed following

centrifugation and the flow through discarded and this procedure repeated. Seven pl buffer

! NucleoSpin®is a registered trademark of Machery Naget GmbH & Co., Duren, Germany.
2 Eppendorf®is a registered trademark of Eppendorf AG, Hamburg, Germany.
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BS was added to wash the matrix bound DNA and subsequently centrifuged at 10,000 x g
for one min. Following centrifugation, the supernatant was discarded and the DNA was
again washed for two min. The addition of two hundred pl prewarmed buffer BE, and
subsequent incubation for 15 min at 70°C was performed in order to elute the DNA. This
was collected by centrifugation at 10,000 x g for two min. The aforementioned step was

repeated and the eluted DNA solution amounted to 400 pl.

The light absorbance of each sample was determined spectrophotometrically by means of
optical density determination utilising an Eppendorf® BioPhotometer. The DNA and
contaminating protein concentrations were measured at 260 nanometres (nm) and 280 nm
respectively and a ratio of Azso/Azsp was calculated. DNA working dilutions were made from
stock solutions to a final concentration of 50 nanograms (ng) per ul (hg.pl™), and stored at
4°C. DNA stock solutions were stored at -20°C. Isolation from three millilitres of whole
blood yielded DNA with a concentration range between 132.5 - 1170.3 ng.ul" and an
Agso/Azge absorbance ratio range between 1.77 - 1.88. The lowest value for the DNA
concentration was more than sufficient, as the DNA was diluted to make working dilutions
to a final concentration of 50 ng.ul'. An absorbance ratio greater than 1.75 indicates that
the DNA is sufficiently pure for use in PCR amplification. All isolated DNA had an Azgo/Azso
absorbance ratio greater than 1.75 and could therefore be utilised.

3.3 AMPLIFICATION OF THE MITOCHONDRIAL GENOME

The complete mitochondrial genome of each individual was amplified utilising a modified
version of the standard polymerase chain reaction (PCR) as first described by Mullis et al.
(1986). Two strategies of the PCR were followed in order to amplify the complete
mitochondrial genome, namely a strategy producing small fragments (ca. 600 bp), and a
strategy producing long fragments (ca. 2400 bp). The former strategy had previously been
optimised, whereas the latter strategy was optimised during the current investigation. The

success of each PCR reaction was evaluated via ge! electrophoresis.

3.3.1  Polymerase chain reaction

The complete mitochondrial genome was initially amplified in 11 overlapping fragments via
a modified long PCR approach utilising primers published by Maca-Meyer et al. (2001).
The complete mitochondrial genome was amplified in 11 long fragments instead of 32
short fragments. However, not all long PCR fragments could be optimised and it was
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therefore necessary to adopt a short PCR fragment strategy in order to amplify these

regions.

3.3.1.1 Long PCR

Utilising this strategy, the complete mitochondrial genome was amplified in 11 overlapping
fragments, utilising primers listed in Table 3.1. Fragment sizes ranged between 1341 and
2324 bp, with overlaps between successive fragments ranging between 598 to 680 bp, as
indicated in Table 3.1, together with the nucleotide (nt) positions of the fragments in the
mitochondrial genome. Primer lengths ranged between 20 - 23 bp, with the calculated
annealing temperature (T,,) ranging from 47 - 57°C, and are also listed in Table 3.1. The
T of each primer was calculated utilising the, Oligonucleotide Properties Calculator
(Oligonucleotide Properties Calculator, 2004) which is based on the thermodynamic
relationship between entropy, enthalpy, free energy and temperature. The thermodynamic
parameters of each primer are utilised to predict the temperature-dependent behaviour,
and therefore the annealing temperature, of the DNA duplex based on the primer
sequence (Breslauer ef al, 1986). The annealing temperature utilised for initial
optimisation was an estimated value (T,), calculated utilising Equation 3.1.
Complementarity between the chosen combinations of primers was evaluated, utilising
Fast PCR version (v) 3.3.112 (Kalendar, 2004). Combinations of primers were chosen in

order to prevent excessive self-binding between forward and reverse primers.

Table 3.1: Primers utilised for amplification of the complete mitochondrial genome
via a long PCR strategy

Fragment Primer T M;?:“ T, ';’iazg“(‘::)t F’agm(er:‘tt) range O\;g:)l;lp

F1:mtL-16340 55

1 54 52 2,324 16318 2073 628
R4:mtH-2053 53
F4:mtL-1466 56

2 54.5 52.5 2,245 1445 3690 639
R7:mtH-3670 53
F7.mtL-3073 53

3 54 52 2,276 3051 5327 598
R10:mtH-5306 55
F10:mtL-4750 47

4 50 48 2,189 4729 6918 600
R13:mtH-6899 53
F13:mtL-6337 57

5 54 52 2,048 6318 8366 505
R16:mtH-8345 51
F16:mtL-7882 52

6 525 50.5 2,089 7861 9950 608
R19:mtH-9928 53
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Table 3.1: Continued...

. Mean Fragment Fragment range Overtap
Fragment ! Primer T T, Ta size (bp) (nt) (bp)
F19:mtL-9362 51
7 51.6 49.5 2,204 9342 11548 616

R22:mtH-11527 52

F22:mtL-10949 54
8 53 51 2,213 10930 13143 590
R25:mtH-13124 52

F25:mtL-12572 53
9 52.5 50.5 2,152 12553 14705 601
R28:mtH-14685 52

F28:mtL-14125 52
10 51.5 49.5 2,076 14104 16180 523
R31:mtH-16157 51

F31:mtlL-15676 49

1 51 49 1,341 16657 429 680
R1:mtH-408 53
F1:mtL-16340 585

1 54 52 2,324 16318 2073 N.A,
R4:mtH-2053 53

Anngaling temperature = experimental obtained annealing temperature utilised for the primer set, F= forward primer and R = reverse
Hagment Tisted and the ragman below L. Primer sequances and names wote obtaimad rom Maca.Meyer ofal. (2001). Nucieatde ()
positions for fragment ranges are based on the numbering system of Andrews et a/. (1999). N.A. = not applicable.

A modified standard PCR protocol was utilised for all PCR reactions, which consisted of
0.5 units (U) Thermus aquaticus {Taq) DNA polymerase, 1 X Pyrococcus furiosus (Pfu)
buffer {20 mM Tris®- hydrochloride (Tris®-HCl) (pH 8.8 at 25°C), 10 mM KCi, 10 mM
ammonium sulphate (NH4)2S04, 2 mM magnesium sulphate (MgSQy), 0.1% Triton® X-100
and 0.1 milligrams (mg) per ml (mg.ml™") nuclease-free bovine serum albuminj, 0.01 U Pfu
enzyme in storage buffer [50 mM Tris®-HCI, (pH 8.2 at 25°C), 0.1 mM EDTA, 1 mM
dithiothreitol (DTT), 0.05% 3-{(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate
(CHAPS) and 50% glycerol), 200 micromolar (uM) of each 2'-deoxynucleotide-
triphosphate [2’-deoxyadenosine-5'-triphosphate (dATP), 2'-deoxythymidine-5'-
triphosphate (dCTP), 2'-deoxyguanosine-5'-triphosphate (dGTP) and 2’-deoxythymidine-
5'-triphosphate (dTTP}], one ul of a 5 picomol (pmol) per ul solution of the appropriate
forward and reverse primers and 100 ng of DNA. Sterile double distilled water (ddH,OQ)
was added to the mixture for a final reaction volume of 12.5 pul. Negative controls were
included in every batch of PCR reactions to test for the presence of contamination in the
reactions.

Equation 3.1: Calculation of the estimated annealing temperature

Ta=Mean T, -2°C

T, = estimated annealing temperature of primer set in °C. Mean T, = the mean melting temperature of the forward and reverse primers
in °C.
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Amplification was performed utilising a Thermo Hybaid® Multiblock System (MBS) 0.5S

thermocycler through the completion of the following thermal parameters:

» Initial denaturation at 94°C
» 30 cycles of the following programme
¢ denaturation at 84°C for two min
e annealing at specific annealing temperature for two min
e elongation at 72°C for four min
» Final extension at 72°C for 10 min
» An indefinite holding step at 4°C
Once the PCR cycling programme was compieted the samples were evaluated utilising gel

electrophoresis.

3.3.1.2 Short PCR

Short PCR refers to the strategy utilised by Maca-Meyer et al. (2001) to amplify the
complete mitochondrial genome. Twenty eight forward and reverse primer pairs (see
Appendix B) published by Maca-Meyer et al. (2001) were utilised for amplification, and are
presented in Table 3.2, together with the respective primer sequences and annealing
temperatures. The lengths of primers ranged between 20 - 23 bp. All fragments were
amplified utilising an annealing temperature of 55°C and a magnesium chloride (MgCly)
concentration of 1.5 mM. Negative controls were included in every batch of PCR reactions

to verify the absence of contamination in the reactions.

Table 3.2: Primer pairs utilised for amplification and sequencing of the complete
mitochondrial genome in short fragments

- i ‘:
G|l &g g E &
Primer Primer Sequence < | EYT E S 8
] g
- | &4 o s o
w v wd

F1:mtL16340 5' -agc cat tta ccg tac ata geca ca-3'
55 680 | 16318 429 67

R1:mtH408 5'-tgt taa aag tgc ata ccg cca-3'
F2:mtL382 5’ -caa aga acc cta aca cca gcc-3'
55 602 362 964 62
R2:mtH945 5’ -ggq agg ggg tga tct aaa ac-3'
F3:mtL923 5/ -gtc aca cga tta acc caa gtc a-3’

55 | 606 902 1508 63
R3:mtH1487 5/ -gta tac ttg agg agg gtg acqg g-3'

' Thermo Hybaid®is the registered trademark of Hybaid Limited, Ashford, Middlesex, United Kingdom.
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Table 3.2: Continued...

— | 5 -5 o
Primer Primer Sequence < ES Ee 5
- &N © C 6
w o w g
F4:mtL1466 5'-gag tgc tta gtt gaa cag ggc c-31
g g 55 | 628 1445 2073 69

R4:mtH2053 5'-tta gag ggt tct gtg ggc aaa-3’

F5mtL2025 5'-gcc tgg tga tag ctg gtt gtc =37

55 608 2004 2612 74
R5:mtH2591 5'-gga aca agt gat tat gct acc t-3/

F6:mtL2559 57 -cac cgc ctg ccc agt gac aca t-3'

55 590 2538 3128 77
R6:mtH3108 5'-tcg tac agg gag gaa ttt gaa-37

F7:mtL3073 5'-aaa gtc cta cgt gat ctg agt tc-3f

55 638 3051 3690 65
R7:mtH3670 5'-ggc gta gtt tga gtt tga tgc-3’

F8:mtL3644 5'-gcc acc tet age cta gee ght-37

55 | 822 | 3625 4247 58
R8:mtH4227 5'-atg ctg gag att gta atg ggt-3'

FO9:mtL4210 57 -¢cca ctc ace cta geca tta ctt a-37
55 | 624 | 4189 4813 84

R9:mtH4792 5'-act cag aag tga aag ggg gct a-3'

F10:mtL4750 5'-cca ata cta cca atc aat act -3

55 598 4729 5327 68
R10:mtH5306 5'-ggt gat ggt ggc tat gat ggt g-3'

F11:mtL5278 5'-tgg gcc att atc gaa gaa tt-3'

55 592 5259 5851 89
R11:mtH5832 5'-gac agg ggt tag gec tet tt-37

F12:mtL5781 5'-agc ccc ggc agg ttt gaa ge-37

55 | 625 | 5762 | 6387 | €9
R12:mtH6367 | 5'-tgg ccc cta aga tag agg aga-3'

F13:mtL6337 5'-cct gga gcc tcc gta gac ct-37

55 600 6318 6918 68
R13:mtHE899 5f-gca ctg cag cag atc att tc -3

F14:miL686Y 5 -ccg gcg tca aag tat tta ge-37

55 | 577 | 6850 7427 | 69
R14:mtH7408 | 5'-ggy ttc ttc gaa tgt gtg gta g-3'

F15:mtL7379 5f-aga aga acc ctc cat aaa cct g-37

55 | 579 | 7358 7937 76
R15mtH7918 | 5'-aga tta gtc cgc cgt agt cg-3'

F16:mtL7882 5'-tcec ctc cct tac cat caa atc a-3'

55 505 7861 8366 86
R16:mtH8345 57—ttt cac tgt aaa gag gtg ttg g-3°

F17:mtL8299 5’ -acc cece tcot aga gee cac tg-3°

55 602 8280 8882 103
R17:mtH8861 5’ -gag cga aag cct ata atc act g-3'

F18:mtL8799 5/ -ctc gga ctc ctg cct cac tca-3'

556 | 637 | 8779 9416 74
R18:mtH9397 | 5’ -gtg gcc ttg gta tgt gct tt-37

F19:mtL9362 5'-ggc cta cta acc aac aca cta-3’

55 608 9342 9950 85
R19:mtH9S28 5f -aac cac atc tac aaa atg cca gt-3°

F20:mtL9886 5f-tce geoe aac taa tat tte act t-37

55 616 9865 | 10481 98
R20:mtH10462 { 5'-aat gag ggg cat ttg gta aa-3'

F21:mtL10403 | 5’ -aaa gga tta gac tga acc gaa-3’

55 | 611 | 10383 | 10994 | 64

R21:mtH10975 | 5" ~cca tga ttg tga ggg gta gg-3'
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Table 3.2: Continued...
c |83 s |8
Primer Primer Sequence < | ET =3 -3 ® 5
- | 8N 8 c 3=
ww ws
F22:mtL10945 | 5'~ctc cga cecc cct aac aac co-37
55 616 | 10930 | 11546 | 79
R22:mtH11527 | 5’ -caa gga agg ggt agg cta tg-3'
F23mtL11486 | 5’ -aaa act a cgg cta t ta-3'
99 °98 i 55 628 | 11467 | 12095 | 87
R23:miH12076 | 5 -gga gaa tgg ggg ata ggt gt-3'
F24:mtL12028 | 5'-gge tca ctc acc cac cac att-37
93 55 615 | 12008 | 12623 | 70
R24:mtH12603 | 5’ -acg aac aat gct aca ggg atg-3'
F25:mtl.12572 | 5'-aca acc cag ctc tece cta ag-3'
55 590 | 12553 | 13143 | 75
R25:mtH13124 | 5" -att ttc tgc tag gg g gtg ga-3'
F26:mtL13088 | S'-agc cect act cca ctc aag cac-37
55 617 | 13068 | 13685 | 92
R26:mtH13666 | 5" -agg gtg ggg tta ttt tcg tt-37
F27:mtL13612 | 5'-aag cgc cta tag cac tcg aa-37
55 613 | 13593 | 14206 | 102
R27:mtH14186 | 5'-tgg ttg aac att gtt tgt tgg-3'
F28:mtL14125 | 5 -tct ttc ttc ttc cca ctc atc c-37
55 601 14104 | 14705 | 76
R28:mtH14685 | 5’ ~cat tgg tcg tgg ttg tag tec-37
F29:mtL14650 | 5’ -ccc cat tac taa acc cac act c-37
55 603 | 14629 | 15232 | 89
R29:mtH15211 | 5'-ttg aac tag gtc tgt ccc aat g-3'
F30:mtL15162 | 5’ -ctc ceg tga ggc caa ata tc-3'
55 596 | 15143 | 15739 | 82
R30:mtH15720 | 5’ -gtc tgc gge tag gag teca at-37
F31:mtL15676 5"-tcc cca tec tec ata tat cc-3f
55 523 ; 15657 | 16180 | 205
R31:mtH16157 | 5'-tga tgt gga ttg ggt ttt tat gta-3
F32:mtL15996 | 5'-ctc cac cat tag cac cca aag c-3'
55 445 | 15975 | 16420 | 102
R32:mtH16401 | 5’ -tga ttt cac gga gga tgg tg-3'
F1:mtL16340 5’ -agc cat tta ccg tac ata gca ca-3'
55 680 ; 16318 429 N.A.
R1:mtH408 5’ -tgt taa aag tgc ata ccg cca-3’

F = forward primer, R = reverse primer, L = light strand, H = heavy strand. Primer sequences were obtained from Maca-Meyer af ai.
(2001). bp = base pair. Primer overlap indicates the overlap between the fragment listed and the fragment below it. Nucleotide (nt)
positions for fragment ranges are based on the numbering system of Andrews et af. {1999). Primer names and sequence formats were
adapted from Van Brummeien (2003). N.A. = not applicable,

Each PCR reaction contained 1 X PCR buffer (10 mM Tris-HCI, 50 mM KCI and 0.1%
Triton® X-100), 0.5 U Tag DNA polymerase, 1.5 mM MgCl,, 200 uM of each

2'-deoxynucleotide-triphosphate, 5 pmol of the appropriate forward and reverse primer and

100 ng of DNA. Sterile ddH;O was added to obtain a final reaction volume of 12.5 pi.

Amplification was performed by utilisation of a Thermo Hybaid® MBS 0.5S thermocycler.

The following thermal parameters were utilised:
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> Initial denaturation at 94°C
» 30 cycles of the following programme
» denaturation at 94°C for 30 seconds (s)
¢ annealing at 55°C 30 s
e elongation at 72°C for 30 s
» Final extension at 72°C for seven min
» An indefinite holding step at 4°C
Samples were evaluated utilising gel electrophoresis once the PCR programme was

completed.

3.3.2 Gel electrophoresis

PCR amplified fragments were evaluated on agarose gels to detect the presence of
specific amplification products. Long PCR fragments were evaluated via the utilisation of a
0.9% weight per volume (w/v) agarose gel, whilst short PCR fragments were evaluated
utilising a 2.0% w/v agarose gel. Gels where either mini (30 mi) or midi (100 mi) sized and
were made with 1 X TBE buffer (89.15 mM Tris base [pH 8.0], 88.95 mM boric acid and
2.5 mM di-sodium EDTA). Gel staining was achieved through the addition of ethidium
bromide (EtBr), from Sigma®', to form a final concentration of 0.5 micrograms (ug) per ml
(ng mI™"). Two and a half ul of PCR product was mixed with 2.0 ul 1 X loading buffer
(0.04% Orange G, 50% glycerol) and loaded into the wells. Gels were electrophoresed in
1 X TBE buffer, at 10 volts per centimetre (V.cm™), for 50 min and 30 min for long and
short PCR fragments respectively. Amplified fragments were visualised under an
ultraviolet transilluminator. Gels utilised to separate long PCR fragments were loaded with
a 1 kilobase pair (kb) molecular weight marker, and gels utilised to separate short PCR
fragments with a 100 bp molecular weight marker. Molecular weight markers served as a
reference of known size to which amplified fragments could be compared and their size
estimated.

3.4 CHAIN TERMINATION CYCLE SEQUENCING

The PCR products produced, as discussed in Paragraph 3.3.1, were subjected to cycle
sequencing in order to obtain the nucieotide sequence of the amplified fragments. These

PCR products were purified prior to being sequenced, as discussed in Paragraph 3.4.1.

! Sigma®is a registered trademark of Sigma-Aldrich Corporation, St. Louis, MO, USA.
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Sequencing was performed utilising the automated cycle sequencing method with
chain-termination inhibitors, as first described by Sanger et al. (1977). The generated
sequence fragments were precipitated and analysed electrophoretically on a genetic

analysis system sequencer.

3.4.1 Purification of amplified product

PCR products were purified to remove excess primers and impurities, such as salts,
enzymes and unincorporated nucleotides, which may interfere with downstream
automated sequencing. This was achieved by utilising the QIAquick® silica-gel membrane

based spin-column as per the manufactures instructions, which are described below.

Five volumes of Buffer PB was added to the PCR sample in order to alter the pH and salt
content to allow binding of the DNA to the silica matrix. The mixture was applied to the
column to allow binding of DNA and centrifuged at 10,000 x g for one min to allow
contaminants to be eluted together with Buffer PB. The column-bound DNA was washed
to remove primers and impurities through the addition of 0.75 ml ethanol-containing Buffer
PE to the column and subsequent centrifugation at 10,000 x g for one min. Residual Buffer
PE was removed by an additional centrifugation step of 10,000 x g for one min. The DNA
was released from the column by increasing the pH. This was achieved through the
addition of 30 pul of Buffer EB. The column was allowed to stand for one min to provide
maximum yield. The DNA was eluted through centrifugation at 10,000 x g for one min. The
concentration of the eluted DNA was determined spectrophotometrically utilising an
Eppendorf® BioPhotometer. This allowed for the determination of the correct amount of

purified PCR template to be utilised in sequencing reactions.

3.4.2 Chain termination sequencing

The complete mitochondrial genome was sequenced in 32 overlapping fragments, utilising
primers listed in Table 3.2. Single fragments generated via long PCR, as presented in
Table 3.1, were sequenced utilising several forward primers. Fragments 1 to 10 contained
four different forward primer binding sites, of which the first three were utilised for
sequencing. Fragment 11 contained three forward primer binding sites, of which the first
two were utilised for sequencing. Short PCR generated fragments were sequenced
utilising a single forward primer.

' QlAquick® is a registered trademark of QIAGEN Inc., Valencia, CA, USA.
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The sequencing reaction was performed utilising the ABI PRISM® BigDye ™? Terminator
v3.1 Ready Reaction Cycle Sequencing Kit with AmpliTag® DNA Polymerase FS. The
sequencing enzyme is a variant of Tag DNA polymerase, as it contains two point
mutations. A mutation in the active site results in less discrimination against
dideoxynucleotides, therefore generating a sighature with even peaks. A mutation in the

amino terminal domain virtually eliminates the 5' — 3' exonuclease activity of AmpfiTaq®

DNA Polymerase FS.

This method utilises a chain termination sequencing approach by incorporation of four
2' 3'-dideoxynucleotide triphosphates, which are labelled with different coloured
fluorophores to allow for different bases to be distinguished and detected. The cycle
sequencing reaction contained ca. 20 ng of purified PCR product, 3.2 pmols of the
appropriate primer, 2.0 ul of the BigDye™ 5 X Sequencing Buffer and 2.0 pl BigDye™
Ready Reaction Premix, which contains BigDye™ terminators adenine (A), cytosine (C), G
and T, deoxynucleoside triphosphates [dATP, dCTP, 2’-deoxyinosine-5'-triphosphate and
2-deoxyuridine-5'triphosphate]), deoxynucleotide triphosphates, AmpliTag® DNA
Polymerase FS, MgCl; and Tris-HCI buffer (pH 9.0). Sterile ddH,O was added to obtain a

final reaction volume of 10 pl.

Cycle sequencing was performed utilising a Thermo Hybaid® MBS 0.5S thermocycler
through the completion of the following thermal parameters:
» Initial denaturation at 94°C
» 25 cycles of the following programme
¢ rapid thermal ramp to 96°C
o denaturation at 96°C for 10 s
¢ rapid thermal ramp to 50°C
e annealing at 50°C for 10 s
e rapid thermal ramp to 60°C
o elongation at 60°C for four min

> An indefinite holding step at 4°C

ABIPrlsm is a registered trademark of Applera Corporation, Foster City, CA, USA.
BlgDye“" is a trademark of Applera Corporation, Foster City, CA, USA.
* AmpliTag®is a registered trademark of Roche Moiecular Systems Inc., Pleasanton, CA, USA,
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Once cycle sequencing was performed it was necessary to remove unincorporated dye
terminators before samples could be analysed by electrophoresis, as excess dye
terminators may interfere with base calling by obscuring the initial sequence data.
Removal of unincorporated dyes was achieved through ethanocl/sodium acetate (NaOAc)
precipitation. PCR amplified products were precipitated by adding 80 ul of a three molar
(M) NaOAc solution in 95% ethanol and allowing the mixture to stand at room temperature
(RT) for 15 min. The precipitate was collected through centrifugation at 10,600 x g for
20 min. The supernatant was discarded and the precipitated products washed with 250
70% ethanol and centrifuged at 10,600 x g for 10 min. The supernatant was discarded and
the precipitated pellet allowed to air dry at RT for 15 min to allow excess ethanol to
evaporate, which may interfere with base calling. The precipitate was resuspended in six
ul Hi-Di™' dejonised formamide and three pl was utilised for electrophoretic separation on

a SpectruMedix™? (SCE2410) Genetic analysis system sequencer.

3.5 SEQUENCE ANALYSIS

Generated sequences were evaluated and manually aligned utilising BioEdit v5.0.9 (Hall,
1999). The overlapping sequences of the complete mitochondrial genome were aligned
against the RCRS (NCBI, 2004a) in order to obtain the correct numbering system.
Contiguous sequences of the complete mitochondrial genomes were therefore
constructed. Primer sequence present at terminal ends of sequences as a result of primer
inclusion during PCR was excluded. Regions of sequences that were generated utilising
primers as templates were obtained from the adjacent overlapping fragment sequence.
Generally sequences were generated through sequencing only in the forward direction.
Sequencing in the reverse direction was performed in order to obtain the sequence of the
568-577insPolyC alteration, as discussed in Paragraph 4.2.27. The two novel transitions
located in the 16S rRNA gene, as discussed in Paragraph 4.2.2, were not confirmed by
sequencing in the reverse direction, as they were predicted not to have a functional effect.
As non-synonymous alterations are unlikely to result in a functional effect, the novel
non-synonymous alterations detected in this study were not confirmed by sequencing in
the reverse direction. Although the novel non-synonymous C12436T alteration detected in
the current investigation and discussed in Paragraph 4.2.24.2 is regarded as unlikely to
have a functional effect, it is essential to confirm this alteration by sequencing in the

reverse direction in future studies.

! Hi-Di™ is a trademark of Applera Corporation, Foster City, CA, USA.
? SpectruMedix™ is a trademark of SpectruMedix LLC., State College, PA, USA.
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3.51 Nucleotide differences

Nucleotide alterations relative to the RCRS were categorised based on their nature and
location. Alterations were divided into nucleotide substitutions, namely transitions (TS) and
transversions (TV) and length alterations namely insertions (ins) and deletions (del).
Alterations were classified according to their location in the mitochondrial genome. A
distinction was made between alterations occurring in protein coding regions, rRNA-coding
regions and non-coding regions (which included the D-loop and intergenic regions).
Alterations occurring in protein-coding regions were divided further into synonymous and

non-synonymous alterations.

The number of nucleotide differences between individuals was counted in several different

ways, as listed below:

a. The number of nucleotide differences between all combinations of pairs of
individuals was counted.

b. Alterations that occurred between more than two individuals were identified
and counted.

C. Combinations of individuals that shared a specific alteration were identified
and the combination was termed a motif.

d. The number of times a specific motif was detected was counted.

e. The number of unique shared alterations in identified haplogroups (as

discussed in Paragraph 3.5.2) and ethnic groups, was counted.

The above-mentioned methods of investigating alterations were performed with the
specific aim of determining the genetic relationships between all individuals. Individuals
comprising a single haplogroup and individuals in each of the ethnic groups were also

compared in the current investigation.

3.5.2 Haplogroup assighment

Haplogroups were assigned to individuals based on combinations of mtDNA
polymorphisms. Haplogroups were identified utilising unpublished criteria generated by
Wallace (2003). Individuals were haplogrouped through the investigation of single
nucleotide polymorphisms (SNP) that are specific to haplogroups in macro-haplogroup L.
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3.5.3 _Phvlogenetic analysis

Phylogenetic analysis was performed utilising the nucleotide sequence data generated in
the study. The compiete mitochondrial genome sequences, each comprising 16,569 bp,
were utilised from all 10 individuals included in the current study. Sequences were
analysed via the maximum parsimony (MP) and the unweighted pair-group method using
arithmetic averages (UPGMA) via the Molecular Evolutionary Genetics Analysis (MEGA)
v2.1 software programme (Kumar et al., 2001). The fuil mitochondrial sequence of each
individual was analysed as a single entity. Nucleotides were divided into non-coding and

coding, as well as first, second and third codon positions.
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CHAPTER FOUR
RESULTS AND DISCUSSION

The results generated from the complete mtDNA sequences of 10 individuals and
subsequent discussions thereof are presented in this chapter. These individuals belong to
three different ethnic groups, namely Xhosa, Zulu and Tswana. Sequences were
compared with one another and nucleotide differences between individuals were
investigated. The haplogroup of each individual was determined, and the sequence
similarities between individuals in a haplogroup were resolved. The sequence similarities
between individuals in an ethnic group were also investigated. Finally, it was determined
whether the ethnicity of individuals, as defined in this study, reflects their mitochondrial

genetic composition.

4.1 OPTIMISATION OF EXPERIMENTAL PROTOCOLS

Procedures that were performed utilising commercially available kits were followed strictly
according to the manufacturer's guidelines and this yielded the expected results. It was
therefore not necessary to optimise these procedures. However, for procedures not
performed utilising commercially available Kits, it was necessary to first optimise the
procedure utilising control DNA samples.

4.1.1 Polymerase chain reaction

The complete mitochondrial genomes were amplified utilising primer sets that generated
overlapping fragments. An initial strategy for amplification was adopted, namely that of
long PCR, as described in Paragraph 3.3.1.1, in which the complete genome was
amplified utilising 11 primer sets, creating 11 overlapping fragments. Each fragment
contained a significant overlap of ca. 600 bp with the adjoining fragments. PCR
amplification yielded the desired fragments, once the reactions were optimised, with no
secondary amplification detected via agarose gel electrophoresis. However, the
sequencing reactions of specific long PCR fragments of certain individuals failed even
after extensive optimisation of the PCR and sequencing reactions. Results of the long
PCR are described in Paragraph 4.1.1.1. A short PCR strategy that had previously been
optimised was adopted to amplify the specific fragments that failed via long PCR, as
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described in Paragraph 3.3.1.2. Results generated via the short PCR strategy, that
amplified the mitochondrial genome in 32 overlapping fragments, are presented in
Paragraph 4.1.1.2.

4.1.1.1 Long PCR strateqy

Fragments generated via the long PCR strategy contained either three or four forward
primer annealing sites that could be used to sequence the fragment, as discussed in
Paragraph 4.1.3. The overlap generated in this strategy thus consisted of an entire
fragment generated by a forward and reverse primer set. Primer pairs chosen for
amplification are indicated in Table 3.1 (page 35). Annealing temperatures utilised in the
long PCR strategy are listed in Table 4.1.

Table 4.1: Annealing temperatures for amplification of fragments via the iong PCR

strategy
Fragment T (°C) Fragment Ta (°C) Fragment T. {°C)
1 57 5 60 9 65
2 54 6 58 10 55
3 65 7 65 11 60
4 52 8 65 N.A. N.A.

T. = experimentally obtained annealing temperature utilised for amplification. N.A. = not applicable.

PCR reactions were performed according to a modified standard PCR protocol, as
described in Paragraph 3.3.1.1. Fragments amplified were longer than those generated via
the short PCR strategy, and therefore certain steps/stages of the standard short PCR
protocol could not be utilised. Cycle parameters of the PCR programme and DNA
polymerase composition were altered accordingly. The denaturing time at 94°C was
increased to 2 min to allow for complete denaturation of the double-stranded DNA. The
extension time at the respective annealing temperatures was increased to 4 min to allow
for the complete extension of the long PCR products.

In long PCR, Pfu DNA polymerase was added to a final concentration of 0.004 U per pl
(U.ul'"). Tag DNA polymerase lacks 3’ — 5' exonuclease (proofreading) activity, resulting
in a mis-incorporation rate of 2.1 x 10 nucieotides per cycle (Keohavong and Thillly,
1989). As these fragments are relatively large, the chance of an error occurring in the
extension product is increased. Pfu DNA polymerase is a high fidelity DNA polymerase
exhibiting 3'— 5" exonuclease activity, therefore decreasing the probability of
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mis-incorporation in the extension product. A very low concentration of Pfu DNA
polymerase was sufficient and optimal for the removal of mismatches. Utilising Pfu DNA
polymerase as the sole amplification enzyme would have resulted in degradation of the
PCR primers. This occurs as a result of the 3' - 5 exonuclease property of Pfu DNA
polymerase, especially during the long elongation periods of the PCR cycling programme
(Barnes, 1994).

It was necessary to optimise the T, of PCR reactions via the utilisation of control DNA.
This allowed for reactions to be performed optimally without the depletion of sample DNA
stocks. The estimated T, (Table 3.1, page 35) was chosen for initial optimisation of each
primer set. This increased the likelihood of obtaining product, as the T, was lower than the
Tm. The T, was adjusted accordingly in order to generate a single specific fragment of
desired intensity. After extensive efforts, not all PCR reactions producing long fragments
were successful via optimisation of the T, and MgCl, concentration of the reactions. A
short PCR strategy that had previously been optimised was therefore adopted for these
reactions, and is discussed in Paragraph 4.1.1.2. Only the T, and MgCl; concentration
parameters were optimised, as these could be altered easily and quickly. The optimisation
of additional parameters would have been more time consuming than the utilisation of the
short PCR strategy.

41.1.2  Short PCR strategy

Primers utilised for amplification of the short fragments are listed in Table 3.2 (page 37).
All fragments were easily amplified utilising the strategy as discussed in Paragraph
3.3.1.2. A complete list of fragments, from the different individuals amplified via short PCR,
is presented in Appendix B. All remaining fragments not listed in Appendix B were
amplified and sequenced successfully via the long PCR strategy.

4.1.2 PCR product electrophoresis and purification

To evaluate the outcomes of the PCR reaction, the products were separated utilising
agarose gel electrophoresis as discussed in Paragraph 3.3.2. Separation of PCR amplified
products together with fragments of known size, namely a molecular weight marker that
serves as a reference, allowed for the estimation of the amplified product size. Gel

electrophoresis provides relatively low resclution visualisation and thus fragment sizes are
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only an estimate of the true size. For this reason this technique was utilised mainly to

confirm the presence of specific fragments.

The 11 fragments, generated via the long PCR strategy discussed in Paragraph 3.3.1.1,
encompassing the complete mitochondrial genome, ranged in size from 1,341 to 2,324 bp,
with an average length of ca. 2,105 bp. The fragments were separated on a 0.9 % (w/v)
agarose gel, which allowed an optimum migration rate for the relatively large fragments. A
photographic representation of the 11 fragments is presented in Figure 4.1. Not all the
fragments could be distinguished from one another according to size, as the gel system
utilised had insufficient resolution power to separate fragments, except for fragment 11
which was 1,341 bp in length.

Figure 4.1: Photographic representation of PCR fragments generated via long

PCR
A B
bp bp
10,000 10,000
2,500 2,500
2,000 2,000
1,500 1,500
1,000 1,000
750 750
500 500
250 250

0.9% agarose gel electrophoresed at 10 V.cm™ for 50 min in 1 X TBE buffer. 1 kb = 1 kilobase pair molecular weight marker.
NEG = negative control. POS = positive control. mt 1 - mt 11 = fragments 1 - 11 generated via the long PCR strategy. The POS and
NEG controls are of fragment 11, and represent the same results obtained for all the other fragment controls. Sizes of fragments are
indicated in base pairs (bp). Figures 4.1 A and B represent a single photographic representation that has been split in two in order to
include the molecular weight marker at the side of each representation.

Fragments generated via the short PCR strategy, as described in Paragraph 3.3.1.2,
ranged in size between 445 to 680 bp, with the majority of fragments having an average
length of ca. 600 bp. The fragments were indistinguishable with respect to size when
evaluated via agarose gel electrophoresis. A photographic representation of selected

fragments is presented in Figure 4.2.

Successfully amplified products were purified in order to remove impurities such as
primers, salts, enzymes and unincorporated nucleotides, which may interfere with the
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sequencing reaction. This was achieved through utilising the QIAquick® PCR purification
kit, as discussed in Paragraph 3.4.1. The protocol was effective in terms of time and the
quality of purified product generated. Concentrations observed for different regions and

samples varied between 10 and 25 ng.ul™.

Figure 4.2: Photographic representation of PCR fragments 1, 2, 3, 4, 5, 6 and 9
generated via short PCR

2.0% agarose gel electrophoresed at 10 V.cm™ for 30 min in 1 X TBE buffer. 100 bp = 100 base pair molecular weight marker.
NEG = negative control. POS = positive control. Numbers indicate fragment numbers. mt = mitochondrial DNA fragments 1 -6 and 9 of
28 fragments. Fragments 1 — 6 and 9 are indicated as representative of all fragments generated via the short PCR strategy. The POS
and NEG controls are of fragment 9, and represent the same results obtained for all the other fragment controls. Sizes of fragments are
indicated in base pairs (bp).

4.1.3 Cycle sequencing

The sequencing strategy discussed in Paragraph 3.4.2 was adopted for fragments
generated via the long and short PCR strategies. Fragments were sequenced in the
forward direction, utilising forward primers listed in Table 3.2 (page 37). The utilisation of
20 ng of template DNA for all reactions, and precipitating the sequencing products, as
described in Paragraph 3.4.2, provided the most successful results. However, certain
fragments generated via the long PCR strategy could not be sequenced successfully. The
electropherogram illustrating the sequence was unreadable, as the true sequence peaks
seemed fused with a mass of background peaks of equal intensity. Extensive optimisation
of template quantity, the precipitation procedure and the annealing temperature of the

PCR reaction that generated the specific fragment failed to generate the desired results.

All fragments generated via the long PCR strategy that could not be successfully
sequenced were amplified via the short PCR strategy. Optimal sequencing quality was
obtained when the short fragments were utilised as templates in the sequencing reaction.
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A possible reason to substantiate the lack of success of the sequencing reactions when
utilising long PCR fragments as templates, could have been the non-specific annealing of
the forward primer in the region amplified by the respective forward and reverse primers.
Possible annealing of forward primers to secondary sites in their respective long PCR
fragments was evaluated utilising Fast PCR v3.3.112 (Kalendar, 2004) and BLAST
(Altschul et al, 1997; NCBI, 2004b). No significant secondary annealing sites were

detected in the mitochondrial or nuclear genomes.

Non-specific annealing results in secondary amplification in the PCR reaction. The
secondary product generated via long PCR would be greater than that observed in the
short PCR reaction performed to generate the corresponding region. This is due to the
secondary annealing site being present in the primary product after each ampiification
step in the PCR reaction. The sequencing reaction was therefore performed utilising
mixed template, which resulted in an electropherogram that was unreadable due to the

presence of overlapping peaks.

The distribution of sequencing failures was not random among individuals, indicating
possibie sequence alterations in primer annealing sites. Only three alterations were
detected in primer annealing regions, namely the novel AS350G alteration in the primer
F19 annealing site, T15670C in the primer F31 annealing site and T16327C in the primer
F1 annealing site, and are discussed in Paragraphs 4.2.18.1, 4226 and 4.2.28

respectively.

All these alterations were detected in either individual 934 or 939. However, alterations in
primer annealing sites were predicted as unlikely to contribute to the failure of sequences
in all individuals, via this PCR strategy. This is because the corresponding regions were
successfully sequenced via utilisation of the short PCR templates. Fragments of the
different individuals that were amplified via the short PCR strategy are listed in
Appendix B.

4.2 COMPLETE MITOCHONDRIAL GENOME SCREENING

Differences detected in the generated sequences relative to the RCRS are presented in
this section. Alterations are presented per locus region in order of occurrence, starting at
nucleotide 577 (Andrews et al., 1999). Haplogroups were determined utilising haplogroup
informative alterations according to the haplogroup criteria as described by Wallace
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(2003). All other alterations presented in this section, unless otherwise stated, can be
assumed to be uninformative for macro-haplogroup L. The complete distribution of
alterations detected in all individuals analysed in this study is presented in Appendix A.
Only the alterations that were considered to be novel are illustrated with a representative
electropherogram. Although essential for future studies, it was not in the scope of the
current study to determine the frequency of the alterations in reported populations, nor was

it an objective to determine in which populations the alterations occurred.

The strategy of full mitochondrial genome sequencing was pursued for several reasons.
Firstly, this allowed for the comparison of the maximum number of mitochondrial
nucleotides between individuals (Salas et al., 2002). Secondly, the analysis of both fast
and slow evolving sites allowed for the maximum resolution of sequence differences
between closely related mtDNAs (Vigilant efal., 1989). Thirdly, it allowed for the
elucidation of all mitochondrial alterations present between the individuals analysed.
Finally, potential ambiguities could be resolved through the inclusion of information from
many mtDNA segments in a given genome (Torroni, 2000). Therefore, to allow for the
highest possible resolution of nucleotide evolution in popuiations, the study of rapidly

evolving, non-recombining sequences, such as mtDNAs, are ideal (Vigilant et a/., 1989).

It was essential to confirm the novel status of an alteration utilising the methods described
in Paragraph 3.5. Alterations not detected in databases that were searchabie by nucleotide
position alone are occasionally considered as novel by various authors. However, several
alterations detected in the current investigation, and initially considered as novel, were
later discovered to have been reported previously when the alterations were searched for
via the utilisation of the actual sequence data. For example, the A3756G alteration was not
detected after an extensive database and literature search. A BLAST search (Altschul
etal., 1997; NCBI, 2004b) utilising sequence data of the alteration, however, listed the
alteration as reported by Mishmar ef al. (2003), a reference source that had previousiy
been investigated. The alteration was not detected in this paper, as no specific alterations
were listed. The paper did reference the GenBank® accession number of the sequence,
which contained the alteration that was detected via the BLAST search. However, the
publication did not state that any specific nove! alterations had been detected. It would
therefore be impractical to scan every GenBank® sequence listed in a publication for
possible novel alterations. It is therefore essential to utilise the BLAST method described
above when assigning novel status to an alteration.
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Furthermore, it was important to verify every alteration that was detected in order to
eliminate errors in the final data. This was achieved through analysis of the
electropherogram representing each alteration and reanalysis of processed data. Phantom
mutations, i.e. systematic artefacts generated in the course of the sequencing process
itself, are not detectable through analysing electropherograms (Bandelt et al., 2002).
However, most errors in published mtDNA sequences are the result of poor documentation
(Dennis, 2003) and can be corrected by systematic editing. It has been documented that
errors in published documents have resuited in erroneous conclusions and subsequent
rejection of research papers (Cann et al., 1987; Hagelberg et al., 1999).

Alterations detected during this investigation were divided into two main classes, namely
nucleotide substitutions, which consisted of transitions and transversions, and length
alterations, namely insertions and deletions. The synonymous substitutions in
protein-coding regions that did not result in an amino acid replacement were distinguished
from the non-synonymous alterations that resulted in amino acid replacements (Nei and
Kumar, 2000). In the given context, polymorphisms refer to alterations that fail to evoke a
disease phenotype, and not to the general definition of a polymorphism being an alteration
in which the most common allele has a frequency of less than 0.99 (Falconer and Mackay,
1996). All novel alterations are defined with the term alteration and not polymorphism.
Novel alterations predicted to have a functional effect may evoke a disorder in an
individual even though the functional effect is not phenotypically visible. Novel alterations
have been detected in individuals in the current study only. Therefore, no information on

the population frequency of these alterations is available.

4.21 The 12S ribosomal RNA gene

The 125 rRNA gene spans the 648 - 1601 position (MITOMAP, 2004) of the human
mitochondrial genome and encodes an mRNA product that is not translated (Wallace,
1992). Nine different alterations were detected in the 12S rRNA gene when compared to
the RCRS. Table 4.2 lists all alterations observed in the 128 rRNA gene together with the
distribution of alterations between individuals. All nine of the alterations have previously
been reported as polymorphisms, of which the T1243C polymorphism (Ozawa et al.,
1991a) has been observed to render Japanese individuals susceptible to developing type
2 diabetes (Taylor et al., 2003). The A at position 1438 is present in the RCRS as a rare
polymorphism, whereas the G is the more common nucleotide (Andrews et al., 1999). The

53



RESULTS AND DISCUSSION CHAPTER FOUR

A at nucleotide 1438 is maintained in order for the RCRS to represent a reference

sequence rather than a consensus sequence.

Table 4.2: Alterations detected in the 128 rRNA gene

Alteration’ Individuals Alteration Type Reference
G709A 939 Transition Ozawa et al. (1991b)
G718A 941, 962, 972 Transition Maca-Meyer et al. (2001)
G769A 926, 939, 941, 962, 964, 972 976 Transition Moraes et al. (1993)
T825A 941, 564, 972 Transition Prezant et al. (1993)
G1018A 926, 995, 939, 9041, 962, 964,972, 976 Transition Prezant et al. (1993)
C1048T 095, 941, 962, 964, 972 Transition Moraes et al. (1993)
T1243C 964 Transition Tayior et al. (2001)
A1438G 921, 926, 995, 934, 939, 964, 972 Transition gﬁg‘r‘g":t ;’éf,_1(929010b1);
G1442A 939 Transition Palanichamy ef al. (2004)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nuclectide
detected. The RCRS was utilised as the reference sequence (Andrews ef a/., 1999).

4.2.2 The 16S ribosomal RNA gene

The 16S rRNA gene is localised to position 1671 - 3228 of the mitochondrial genome and
is a 1,557 bp gene that encodes a functional mRNA that is not translated (Wallace ef al.,
1992). A total of 15 alterations were detected in this gene and are presented in Table 4.3.
Fourteen of the alterations detected have previously been described as polymorphisms.
After extensive literature searches, references to the T2887C and the C3157T transitions
could not be found. They are thus considered novel in the current investigation and are
discussed in Paragraphs 4.2.2.1 and 4.2.2.2 respectively.

Table 4.3: Alterations detected in the 16S rRNA gene

Alteration’ Individuals Alteration Type Reference
C1706T 939 Transition Herrnstadt et al. (2002)
G1709A 926 Transition Zhoa et al. (2004)
A2245G 095, 962 Transition Moraes et al. {(1993)
Cc2332T1 939 Transition Herrnstadt et al. (2002)
T2362C 921, 995, 934 Transition Chen et al. (1995)
A2358G 939 Transition Herrnstadt et al. (2002)
T2416C 926, 939, 976 Transition Herrnstadt ef afl. (2002)
T2483C 921 Transition Herrnstadt et al. (2002)
A2706G 921, 926, 995, 934, 939, 962, 976 Transition Ozawa et al. (1991a)
G2758A 941, 962, 964, 972 Transition Moraes et al, (1993)
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Table 4.3: Continued...

Alteration' Individuals Alteration Type Reference
C2789T 926, 976 Transition Rose et al. (2001)
T2885C 941, 962, 964, 972 Transition Moraes et al. (1993)
T2887C 972 Transition Not yet reported
G3010A 976 Transition Marzuki et al. (1991)
C3157T 941 Transition Not yet reported

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999).

4.2.2.1 The T2887C alteration in the 16S rRNA gene

An electropherogram illustrating the T2887C alteration, which was detected only in
individual 972, is presented in Figure 4.3. This alteration is reported for the first time in the
current investigation, subsequent to an extensive literature search during which no
reference to this alteration could be identified. The T2887C transition is located in the
16S rRNA gene. This gene is not translated, therefore alterations occurring in this gene
will alter only the rRNA sequence.

Figure 4.3: Representative electropherogram of the T2887C alteration in the 16S
rRNA gene

(i) Control nt 2887

nt 2885
S

CTTCA CCA OT CAAAGC GAACTA ODA[TIACT CAAT T GAT CCAATAACTT GACC

(ii) Individual 972

nt 2885 | nt 2887
CTTCACCAGTCAAAGCG AAC TAC TCAATTGATCCAATAACTTGACC

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box (L)
represent novel alterations, and those enclosed in a circle (O) represent reported changes. Arrows indicate the nucleotide (nt) positions
at which alterations occur.

The T2887C transition is located in a loop of the central region of the 16S rRNA secondary
structure and therefore does not bind to another nucleotide in order to maintain the

secondary structure of 16S rRNA molecule (Glotz et al., 1981). The overall secondary
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structure of the 16S rRNA is conserved. However, T2887C is not located in a protein
binding site (Glotz ef al., 1981), and is not considered as an evolutionary conserved site
(Gravel et al., 1987, Moazed and Noller, 1987). Included in the electropherogram
presented in Figure 4.3 is the T2885C transition listed in Table 4.3, which represents a
polymorphism that was detected in individuals 941, 962, 964 and 972 during this
investigation. The high level of background observed in the electropherogram illustrating
the sequence of individual 972 does not interfere with the sequence results. The intensity
of the true sequence is far greater than that generated by the background.

4.2.2.2 The C3157T alteration in the 16S rRNA gene

The C3157T alteration, detected in individual 941, is located in the 16S rRNA gene. This
transition is reported for the first time in the current investigation after an extensive
literature search failed to detect this change. An electropherogram illustrating the transition
is presented in Figure 4.4,

Figure 4.4: Representative electropherogram of the C3157T alteration in the 16S
rRNA gene

(i) Control nt 335?

oA LMS AG AATA AGGCC TACT TCA@%AAGC GCC TTCCCCCG TA AAT GATAT

(i) Individual 941
nt 3157

ACA AGAGAAATAAGOCC TACT TCATA AACC GCC TTCCCCCGTA AAT GATAT

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box (0)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

The C3157T transition is located in a loop structure in the 3-end of the 16S rRNA
secondary structure and does not bind to another nucleotide. Therefore, the transition is
unlikely to result in an alteration in the secondary structure as the nucleotide does not
contribute to the preservation of the secondary structure of the 16S rRNA molecule (Glotz
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et al., 1981). Considering the aforementioned and the fact that the 3516 nucleotide site is
not evolutionary conserved (Gravel et al., 1987; Moazed and Noller, 1987), it is unlikely
that the C3157T transition is functionally significant. The significance of this alteration can

be confirmed by performing functional studies as a result of the amino acid replacement.

4.2.3 The transfer RNA leucine 1 gene

The tRNA leucine (tRNA"®Y) gene is located in the 3230 - 3304 position (MITOMAP, 2004)
and encodes a functional tRNA product that is not translated (Anderson et al., 1981). A
single alteration was detected in this gene, namely the G3277A transition, which has
previously been reported as a polymorphism (Sternberg et al.,, 2001). This alteration was
detected only in a single individual, 921, during this study.

4.2.4 NADH dehydrogenase subunit 1 gene

The NADH dehydrogenase subunit 1 (ND1) gene encodes an mRNA product which is
translated into a functional polypeptide, namely ND1 (Wallace, 1992), which is a
component of the large hydrophobic domain of complex i (Walker, 1992). The gene is
located in nucleotides 3307 - 4262 of the human mitochondrial genome. Eight alterations
were detected in this gene when its sequence was compared to that of the RCRS. Seven
of the alterations have previously been described as synonymous polymorphisms. The
nucleotide position 3594 is a haplogroup-determining site. Individuals having a T
nucleotide at this position belong to haplogroup LO, L1 or L2, and individuals with a C
nucleotide belong to haplogroup L3, M or N (Wallace, 2003). A single alteration, namely
T3618C, is reported for the first time, as the alteration was not detected after an extensive
search of the literature, and is discussed in Paragraph 4.2.4.1. The distribution of
alterations between individuals is indicated in Table 4.4.

Table 4.4:  Alterations detected in the ND1 gene

Alteration’ Individuals Alteration Type Reference
G3438A 941, 964, 972 Synonymous Thomas et al. (1996)
C3516A 995, 941, 962, 964, 972 Synonymous Herrnstadt et al. (2002)
C3594T 926, 939, 941, 962, 964, 972, 976 Synonymous Chen et al. (1995)
T3618C 941, 972 Synonymous Not yet reported
A3756G 941, 964, 972 Synonymous Mishmar et al. (2003)
A4104G 926, 995, 939, 941, 962, 964, 972, 976 Synonymous Ruppert et al. (2004)
A4158G 939 Synonymous Herrnstadt et al. (2002)
T4232C 941, 964, 972 lle — Thr Mishmar et al. (2003)

1 = Alteration format includes initial nuclectide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews ef al., 1999). The non-synonymous alteration is indicated by a
three-letter amino acid notation. lle = isoleucine, Thr = threonine. The arrow indicates the direction of amino acid change.
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4.24.1 The T3618C alteration in the ND1 gene

The T3618C alteration is a transitional change as one purine, T nucleotide, is replaced by
another purine, C nucleotide. The electropherogram presented in Figure 4.5 illustrates the
T3618C alteration. This alteration occurs in a gene region that is translated, therefore a
codon is altered. However, the alteration occurs in the third codon position, representing a
synonymous change as both codons translate leucine due to the degeneracy of the
mitochondrial genetic code (Barrel et al., 1980). Since the codon alteration does not alter
the amino acid, no functional effect is expected.

Figure 4.5: Representative electropherogram of the T3618C alteration in the ND1
gene

(i) Control nt 3618

TTAACCTCAACCTA C{}CCTCC'IATTTTCTA GCCACCTCTAGCCTAGCCG

P A M

(ii) Individual 941

nt 3618

TTAACCTCAACCTAGGCCTCC ’IATT@TTCTA GCCACCTCTAGCCTAGCC

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box (0O)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

4.2.5 The transfer RNA isoleucine gene

A single alteration, namely the C4312T transition, was detected in the tRNA isoleucine
(tRNA') gene in individuals 941, 962, 964, 972. The tRNA"™ gene of the human
mitochondrial genome includes nucleotide positions 4263 - 4331 (MITOMAP, 2004). This
alteration represents a polymorphism that was first reported by Moraes et al. (1993). The
frequency of this alteration is yet to be determined in the global population.
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4.2.6 The transfer RNA glutamine gene

A single alteration was detected in this region, namely T4370C. This polymorphism was
detected in individual 939. Herrnstadt et al. (2002) first reported this alteration and
considered it to represent a polymorphism. The tRNA glutamine (tRNA®") gene is 71 bp in
length and is observed in the 4329 - 4400 position of the human mitochondrial genome
(Anderson et al., 1981).

4.2.7 _NADH dehydrogenase subunit 2 gene

A total of nine alterations where detected when the NADH dehydrogenase subunit 2 (ND2)
sequences were compared to the RCRS. The ND2 gene is 1041 bp in length, and is
translated into a functional polypeptide (Wallace, 1992). The gene is located in the
4470 - 5511 position of the mitochondrial genome (MITOMAP, 2004). All alterations
detected in the current investigation were previously described as polymorphisms and are
presented in Table 4.5. The A4769G polymorphism (Andrews et al., 1999) represents the
most common allele observed at position 4769 during the reanalysis and revision of the
CRS (Andrews et al., 1999). The A at position 4769 detected in the RCRS represents a

rare polymorphism.

Table 4.5:  Alterations detected in the ND2 gene

Alteration’ Individuals Alteration Type Reference
T4586C 995, 962 Synonymous Ingman et al. (2000)
A4767G 939 Trp — Val Herrnstadt et al. (2002)
Msec | N80, %3.,,‘;'. %'?;,96 941,962,964, | gynonymous Andrews et al. (1999)
C5027T 839 Synonymous Herrnstadt et al. (2002)
T5096C 962 Synonymous Ingman et al. (2000)
G5231A 962 Synonymous Ozawa et al. (1991a)
C5331A 939 Leu — lle Herrnstadt et al. (2002)
T5442C 941, 962, 964, 972 Phe — Leu Ozawa et al. (1991a)
G5460A 962 Ala — Thr Kosel et al. (1994)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). Non-synonymous alterations are indicated by
three-letter amino acid notations. Trp = tryptophan, Val = valine, Leu = leucine, lle = isoleucine, Phe = phenylalanine, Ala = alanine and
Thr = threonine. Arrows indicate the direction of amino acid change.

4.2.8 The transfer RNA tryptophan gene

The tRNA tryptophan (tRNA'™) gene is a 67 bp tRNA encoding gene positioned in
nucleotides 5512 - 5579. A single alteration was detected in this region, namely T5553C.
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This transitional alteration, detected in individual 964, represents a previously reported
polymorphism (Herrnstadt et al., 2002).

4.2.9 The transfer RNA alanine gene

The tRNA alanine (tRNA*?) gene is a 68 bp gene which spans the 5587 - 5655 region of
the human mitochondrial genome. It encodes a functional tRNA molecule, which is not
translated. A single alteration was detected in this region, namely C5603T, which is a
reported transitional polymorphism (Moraes et al., 1993). This was detected in a single
individual, namely individual 962.

4.210 The transfer RNA cysteine gene

The tRNA cysteine (tRNA®'®) gene is located in nucleotide positions 5761 - 5826. The
gene encodes a functional tRNA which is not translated into an amino acid polypeptide. A
single transversion in this region, namely T5814C, was detected in individual 939. The

T5814C transition has previously been described as a polymorphism (Herrnstadt et al.,
2002).

4.2.11 Non-coding region between tRNA tyrosine and cytochrome c oxidase
subunit |

The region between tRNA tyrosine (tRNA™) and COI, observed in nucleotide position
5892 - 5903, is an 11 bp intergenic non-coding region of the human mitochondrial genome
(MITOMAP, 2004). Intergenic regions of the mitochondria do not code for protein products,
and no direct functions have been assigned to these regions (Anderson et al., 1981). It
was suggested that these regions may contain control signals for transcription of the
mitochondrial genome (Anderson et al., 1981). However, alterations in these regions may
have a functional effect if the changes affect upstream or downstream elements, affecting
transcription or replication of the mitochondrial genome. These sites are generally more
variable than coding regions, as they are not under direct selection. In the current
investigation a single alteration was detected in this intergenic region. The A5894G
transition was observed in individual 964 and represents a previously reported
polymorphism (Herrnstadt et al., 2002).

The prediction of a functional change as a result of this alteration is difficult. To date only

one other alteration in this region, relative to the RCRS, has been described. The C
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insertion in a pentanucleotide C repeat region located at position 5895 - 5899 was
reported by Sternberg et al. (1998).

4.2.12 The cytochrome c oxidase subunit | gene

The COI gene encodes a subunit of the complex iv OXPHOS enzyme (Wallace, 1992).
The COI gene is observed in the 5904 - 7445 region of the human mitochondrial genome.
A total of 17 alterations were detected in this gene during this study, of which 15 have
been reported as polymorphisms in the past. Two alterations are reported in the current
investigation as novel, after an extensive literature search, in which no references to these
alterations were detected. These changes, T6614C and A6806G, are presented in
Paragraphs 4.2.12.1 and 4.2.12.2 respectively. All the alterations detected in this region
are listed in Table 4.6.

Table 4.6:  Alterations detected in the COIl gene
Alteration’ Individuals Alteration Type Reference

C5911T 962 Ala — Val Ingman et al. (2000)
T6185C 995, 941, 962, 964, 972 Synonymous Ingman et al. (2000)
T6221C 995, 934, Synonymous Marzuki et al. (1991)
AB266G 941, 964, 972 Synonymous Herrnstadt et al. (2002)
C6587T 934, 941 Synonymous Marzuki et al. (1991)
T6614C 939 Synonymous Not yet reported
ABB63G 976 lle — Val Scaglia et al. (2003)
C6713T 939 Synonymous Herrnstadt et al. (2002)
AB806G 939 Synonymous Not yet reported
T6815C 995, 964, 972 Synonymous Mishmar et al. (2003)
ABBY1G 964 Ser — Gly Hirakawa et al. (2002)
capgr | AR 993;‘;'. %3;96 941,962,964, | gynonymous Macaulay et al. (1999)
A7146G 995, 941, 962, 964, 972 Synonymous Polyak et al. (1999)
T7175C 926, 976 Synonymous Silva et al. (2002)
C7256T 926, 939, 941, 962, 964, 972, 976 Synonymous Silva et al. (2002)
C7274T 926, 976 Synonymous Silva et al. (2002)
T7283C 941, 972 Synonymous Finnila et al. (2001)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). Non-synonymous alterations are indicated by
three-letter amino acid notations. Ala = alanine, Val = valine and lle = isoleucine, Ser = serine, Gly = glycine. Arrows indicate the
direction of amino acid change.
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4.2.12.1 The T6614C alteration in the COI gene

An electropherogram illustrating the T6614C alteration is presented in Figure 4.6. This
represents a transitional nucleotide substitution located in the CO1 gene. This nucleotide
is observed in the third codon site and alters the codon UUU, which codes for
phenylalanine, to UUC, which also codes for phenylalanine (MITOMAP, 2004). There is
thus no amino acid replacement. The T6614C transition is a synonymous alteration that
has no functional effect on the resulting protein as no amino acid replacement occurs.

Figure 4.6: Representative electropherogram of the T6614C alteration in the COI
gene

(i) Control nt 6614

CTATACCAACACCTATTCTGAT TTCGGTC&CCCTGAAGTTTATATTC

s oo et e s

(ii) Individual 939

nt 6614

CTATACCAACACCTATTCTGAT TTTCGGTCACCC TG AAGTTTATATTC

MLNMMMJ[\MMMMWNWMMW

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box ()
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

4.2.12.2 The A6806G alteration in the COIl gene

A second alteration, the AB806G transition, was detected in the COIl gene. An
electropherogram illustrating the alteration is presented in Figure 4.7, together with an
illustration of the C6815T transition, previously reported by Mishmar et al. (2003). The
ABB06G alteration occurs in the third codon position (MITOMAP, 2004), altering the codon
from ACA to ACG. However, this alteration is synonymous, as both codons code for
threonine. Due to the absence of an amino acid replacement, no functional effect is
predicted.
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Figure 4.7: Representative electropherogram of the A6806G alteration in the COI
gene

(i) Control nt 6806 nt 6815

TTACAGTAGGAATA GACGTAGACAJAICGAGCATAOTTCACCTCCGC TA CCA

(ii) Individual 939
nt GfUB nt 6815

T TACAGTA GG AATAGACGTAGACA JGICGAGCATADTTCA CCT CCGCTACCA

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box ()
represent novel alterations, and those enclosed in a circle (O) represent reported changes. Arrows indicate the nucleotide (nt) positions
at which alterations occur.

4.2.13 The transfer RNA aspartic acid gene

A single transition, in the tRNA aspartic acid (tRNA**?) gene, namely G7521A, was
detected in individuals 926, 939, 941, 962, 964, 972 and 976. This gene is 67 bp in length,
and is located in the 7518 - 7585 position of the human mitochondrial genome (MITOMAP,
2004). This alteration has previously been reported by Silva et al. (2002) as a
polymorphism.

4.2.14 The cytochrome c oxidase subunit Il gene

The COIl gene is located at position 7586 - 8269 of the human mitochondrial genome
(Anderson et al., 1981). This gene encodes a subunit of the OXPHOS complex iv enzyme
(Wallace, 1992). A total of nine alterations were detected in this gene and are presented in
Table 4.7. All changes detected in this region have previously been described as
polymorphic.
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Table 4.7:  Alterations detected in the COIl gene
Alteration’ Individuals Alteration Type Reference

T7624A 939 Synonymous Herrnstadt et al. (2002)
T7741C 934 Synonymous Coble et al. (2004)

- A7771G 926, 976 Synonymous Coble et al. (2004)
C8080T 939 Synonymous Herrnstadt et al. (2002)
G8113A 941, 964, 972 Gly — Glu Ruvolo et al. (1993)
G8152A 941, 964, 972 Synonymous Ruvolo et al. (1993)
AB191G 962 Synonymous Maca-Meyer et al. (2001)
G8206A 926, 939, 976 Synonymous Ozawa et al. (1995)
G8251A 941, 964, 972 Synonymous Ruvolo et al. (1993)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al.,, 1999). The non-synonymous alteration is indicated by a
three-letter amino acid notation. Gly = glycine and Glu = glutamic acid. The arrow indicates the direction of amino acid change.

4.2.15 The ATP synthase FO subunit 8 gene

The ATPase8 gene of the mitochondrial genome is located in the 8366 - 8572 position
(Anderson et al.,, 1981). ATPase8 encodes a subunit of the complex v enzyme of the
OXPHOS system (Wallace, 1992). In total, seven alterations were detected in this gene
and are presented in Table 4.8. All but one of the detected alterations are previously
reported polymorphisms. The C8503T alteration, as discussed in Paragraph 4.2.15.1, is
considered novel, as no reference to the alteration was found during an extensive search
of the literature.

Table 4.8:  Alterations detected in the ATPase8 gene

Alteration’ Individuals Alteration Type Reference
T8383C 972 Synonymous Herrnstadt et al. (2002)
G8387A 938 Synonymous Herrnstadt et al. (2002)
C8428T 962 Synonymous Moraes et al.(1993)
A8460G 995 Asn — Ser Ingman et al. (2000)
C8468T 995, 941, 962, 964, 972 Synonymous Moraes et al.(1993)
T8503C 939, 964 Synonymous Not yet reported
A8566G 962 Synonymous Ingman et al. (2000)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). Non-synonymous alterations are indicated by three
letter amino acid notations. Asn = asparagine and Ser = serine. Arrows indicate the direction of amino acid change.

4.2151 __ The T8503C alteration in the ATPase8 gene

The novel T8503C transition is illustrated with an electropherogram presented in

Figure 4.8. This transition is located in a third codon position, and the codon is altered from
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AAU to AAC. The T8503C transition is a synonymous alteration, as both these codons
code for asparagine. No functional alteration is therefore predicted to occur in the
polypeptide products of this gene, due to this transition.

Figure 4.8: Representative electropherogram of the T8503C alteration in the
ATPase8 gene

(i) Control nt 85LU3

CCAAAGCCCA TACAAAATAAAAAAT|TATAACAAACCCT GAGAACCA AAAT

(ii) Individual 939
nt 8503

CCAAAGCCOA TAAAAATA ALAAACTA TAA (ACAACC CGCAGAACCA AAAT

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box (0J)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

4.2.16 _The A8566G alteration in the ATPase8 and ATPase6 genes

The A8566G alteration reported by Ingman et al. (2000) is located in the ATPase8 and
ATPase6 genes, and was observed in individual 962. The genes have an overlap of 45 bp
from position 8527 to 8572, and are translated in distinct reading frames (Anderson et al.,
1981). The AB566G alteration is located in this overlap, therefore resulting in the alteration
being detected in both genes. This change results in a synonymous alteration in the
ATPase8 gene and a non-synonymous lle — Val alteration in the ATPase6 gene, as
presented in Table 4.9.

4.2.17 The ATP synthase F0 subunit 6 gene

The 680 bp ATPase6 gene is located in the 8527 - 9207 position of the human
mitochondrial genome (Anderson et al., 1981). The gene is translated into a polypeptide
that forms part of the complex v enzyme of the OXPHOS system (Wallace, 1992). In the

current study 10 previously reported polymorphisms were detected in this region and are
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presented in Table 4.9. The A8860G alteration, detected in all individuals analysed
represents the most common alteration at that site, as an A at that site represents a rare
polymorphism in the RCRS. The A8566G alteration is located in the ATPase8 and
ATPase6 genes and is discussed in Paragraph 4.2.16.

Table 4.9:  Alterations detected in the ATPase6 gene
Alteration’ Individuals Alteration Reference
Type

AB566G 962 lle — Val Ingman et al. (2000)
AB577G 995 Synonymous Abu-Amera et al. (2004)
C8655T 941, 962, 964, 972 Synonymous Ingman et al. (2000)
agTo1G | 92 MR, 98, %3;‘;’, poad 962,964, | 1hr_, Arg Ozawa et al. (1991a)
C8703T 934 Synonymous Ingman et al. (2000)
GB8790A 939 Synonymous Taylor et al. (2003)
T8793C 964 Synonymous Ozawa et al. (1991b)
A8860G W R e, %%‘; %%96 A1, B8R, Ve, Thr — Arg Andrews et al. (1999)
Co042T 995, 941, 962, 964, 972 Synonymous Ingman et al. (2000)
T9111C 941 Synonymous Herrnstadt et al. (2002)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). Non-synonymous alterations are indicated by
three-letter amino acid notations. lle = isoleucine, Val = valine, Thr = threonine and Arg = arginine. Arrows indicate the direction of
amino acid change.

4.2.18 The cytochrome c oxidase subunit lll gene

A total of 12 alterations were detected in the COIll gene, as listed in Table 4.10 The
human mitochondrial COIIl gene is a 783 bp polypeptide encoding gene that is located in
the 9207 - 9990 region (Anderson et al., 1981). Ten alterations are previously reported
polymorphisms and two, namely A9350G and T9637G, have to date not been described
and are presented in Paragraph 4.2.18.1 and 4.2.18.2.

Table 4.10: Alterations detected in the COIlll gene
Alteration’ Individuals Alteration Type Reference

A9221G 926, 939, 976 Synonymous Silva et al. (2002)
G9300A 934 Synonymous Snejina et al. (2003)
AQ327G 934 Synonymous Coble et al. (2004)
A9347G 995, 941, 962, 964, 972 Synonymous Herrnstadt ef al. (2002)
A9350G 939 Synonymous Not yet reported
A9377G 921 Synonymous Ozawa et al. (1991b)
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Table 4.10: Continued...

Alteration’ Individuals Alteration Type Reference
T9540C 921, 926, 995, %’f}; 993_}96 941, 962, 964, SR Marzuki et al. (1991)
T9637G 962, 964, 972 lle — Ser Not yet reported
G9755A 941, 962, 964, 972 Synonymous Herrnstadt et al. (2002)
C9818T 962 Synonymous Herrnstadt et al. (2002)
T9833C 964 Synonymous Kong et al. (2003)
T9950C 964 Synonymous Silva et al. (2003)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). Non-synonymous alterations are indicated by
three-letter amino acid notations. lle = isoleucine, Ser = serine. Arrows indicate the direction of amino acid change.

4.2.18.1 The A9350G alteration in the COIll gene

The A9350G transition is presented for the first time in the current investigation, as it was
not detected subsequent to a broad literature search. The alteration occurs in the third
codon position (MITOMAP, 2004) of the COIll gene and alters the codon sequence from
CUA to CUG. However, both codons result in the translation of the amino acid leucine, and
A9350G therefore results in a synonymous alteration. The alteration was detected in
individual 939 and an electropherogram illustrating the alteration is presented in
Figure 4.9.

Figure 4.9: Representative electropherogram of the A9350G alteration in the COIIl
gene

(i) Control

nt 9327 nt 9350

TA@CGCTCCTCATACTA GGCCTACTAACCAACACACTAACCATATACCAA

(ii) Individual 939
nt 9327 nt 9350

TA@CGC TCCTCA TACTA GGCCTACTIGACCA ACA CA CTAACCATATACCAA

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box ()
represent novel alterations, and those enclosed in a circle (O) represent reported changes. Arrows indicate the nucleotide (nt) positions
at which alterations occur.
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No functional effect is predicted as a result of the alteration, as no amino acid replacement
occurs. The G9327A alteration is included in the illustration presented in Figure 4.9. The
high level of background observed in the electropherogram illustrating individual 939,
relative to the control individual, does not affect the final result, as discussed in
Paragraph 4.2.2.1.

4.2.18.2 The T9637G alteration in the COIlll gene

The T9637G alteration, detected in individuals 962, 964 and 972, is reported for the first
time in the current study, as it was not detected in the literature. However, upon
investigation of the electropherogram, which is illustrated in Figure 4.10, it seemed as if a
level of heteroplasmy was present, due to a second, smaller overlapping peak that
represents the nucleotide represented by the RCRS. Although this alteration has not yet
been reported, it would be essential to confirm heteroplasmy, as described in
Paragraph 4.2.28, before novel status is awarded to this alteration. Detection of
heteroplasmy would then exclude the possibility of the observed double peaks being a
result of an artefact produced during the sequencing reaction. [t is also essential to
sequence this alteration in the reverse direction in future studies in order to confirm the

results.

This aiteration occurred in the second codon paosition, and is altered from AUC, which
codes for isoleucine, to AGC, coding for serine, and is therefore a non-synonymous
change. The prediction of a functional effect as a result of this alteration is difficult.
Isoleucine has a non-polar side chain and serine has a polar, neutral side chain
(Campbell, 1993). These two amino acids differ in chemical properties, and may therefore
result in the stereochemical disruption of the resulting protein, which may have a functional
effect. A non-synonymous alteration located 18 nucleotides upstream of the A9637G
alteration detected in the current study, namely G89655A, occurs in a conserved region and
is predicted as unlikely to have a functional effect (Clark et al., 1999). The A9637G
alteration of the current study occurs in close proximity of the reported G9655A change
and may therefore occur in the same protein domain. It is hypothesised that
non-synonymous alterations in the COIlll gene may be a result of selection in order to

adapt to specific environments (Mishmar et al., 2003), as discussed in Paragraph 4.2.26.1.
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Figure 4.10: Representative electropherogram of the T9637G alteration in the COIll
gene

(i) Control

nt 9637

y

GTAT TACTCGCA TCA GGAGTAT CA ATICA CCTGAGCTCA CCA TAGTCTAATA

(ii) Individual 962
nt 9637

GTATTACT C GCA TCA GGAGTATCAAGICA CCTGAGC TCA CCA TAGTCTAATA

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box ([J)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

4.2.19 The NADH dehydrogenase subunit 3 gene

The NADH dehydrogenase subunit 3 (ND3) gene is located in the 10059 - 10404 position
of the mitochondrial genome (Anderson et al., 1981). In the current investigation, three
alterations were detected in this gene when sequences were compared to the RCRS. The
T10115C transition was detected in individuals 926, 939, 941 and 976, and was
previously reported as a synonymous polymorphism (Silva et al, 2003). The second
alteration, namely G10143A, was detected in individual 926 and was described by Prezant
et al. (1993) as a non-synonymous polymorphism resulting in an amino acid alteration
from glycine to serine. The overall frequency of this alteration is still unknown. The
A10398G non-synonymous alteration from methionine to threonine, was detected in all 10
individuals analysed in the current study, and has been reported previously as a
polymorphism by Herrnstadt et al. (2002).

4.2.20 The NADH dehydrogenase subunit 4L gene

The NADH dehydrogenase subunit 4L (ND4L) gene is translated into a functional
polypeptide that forms part of the complex i subunit of the OXPHOS system (Wallace,
1992). This gene is located at the 10470 - 10766 position of the human mitochondrial
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genome. Three previously reported polymorphisms were detected in this region and are
presented in Table 4.11.

Table 4.11: Alterations detected in the ND4L gene
Alteration' Individuals Alteration Type Reference
G10589A 941, 962, 964, 972 Synonymous Howell et al. (1995)
C10664T 995, 941, 962, 964, 972 Synonymous Herrnstadt et al. (2002)
G10688C 941, 962, 964, 972 Synonymous Ingman et al. (2000)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999).

4.2.21 The NADH dehydrogenase subunit 4 gene

The human mitochondrial NADH dehydrogenase subunit 4 (ND4) gene is located in the
10760 - 12137 position, and encodes a polypeptide of the OXPHOS complex i subunit
(Wallace, 1992). A total of 14 alterations, presented in Table 4.12, were detected in this

region. All alterations are considered as polymorphisms and have previously been

reported.
Table 4.12: Alterations detected in the ND4 gene
Alteration’ Individuals Alteration Type Reference
T10810C 941, 962, 964, 972 Synonymous Finnila et al. (2001)
A10819G 921, 995, 934 Synonymous Marzuki et al. (1991)
Ti0873c | 921926, 995, %3;‘;', gg“f;,gs’ 941,902,994, | cumenymous Marzuki et al. (1991)
T10915C 995, 941, 962, 964, 972 Synonymous Ozawa et al. (1991a)
C10920T 941 Pro — Leu Ingman et al. (2000)
G11176A 995, 941, 962 Synonymous Herrnstadt et al. (2002)
T11260C 964 Synonymous Herrnstadt et al. (2002)
A11641G 995, 962 Synonymous Ingman et al. (2000)
Giriga | I IRSOR 00 0 L SN0 O Syt Silva et al. (2001)
G11914A 921, 941, 962, 964, 972, 976 Synonymous Silva et al. (2001)
T11944C 926, 939, 976 Synonymous Ingman et al. (2000)
G12007A 941, 962, 964, 972 Synonymous Moraes et al. (1993)
T12121¢C 941, 964, 972 Synonymous Mishmar et al., al. (2003)
G12127A 962 Synonymous Herrnstadt et al. (2002)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). Non-synonymous alterations are indicated by
three-letter amino acid notations. Pro = praline and leu = leucine. Arrows indicate the direction of amino acid change.
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4.2.22 The transfer RNA histidine gene

The transfer RNA histidine (tRNA™®) gene codes for a 68 bp functional tRNA molecule and
is located in the nucleotide position the 12138 - 12206 position of the human mitochondrial
genome (Anderson et al., 1981). A single alteration, A12142G, was detected in this gene
in individual 964. The A12142G transition has previously been reported by Mouton (2003).

4.2.23 The transfer RNA serine gene

The tRNA serine (tRNA®®") gene occurs in the 12266 - 12336 position of the mitochondrial
genome (Anderson et al., 1981). A single alteration, namely G12236A, was observed in
this region and represents a previously reported polymorphism (Prezant et al., 1993). This

transition was detected in a single individual, namely 939.

4.2.24 The NADH dehydrogenase subunit 5 gene

-1}

The NADH dehydrogenase subunit 5 (ND5) gene is 1,811 bp in size (Anderson et al.,
1981) and encodes a complex i subunit of the OXPHOS system (Wallace et al., 1992).
The ND5 gene is located in the 12337 - 14148 region of the human mitochondrial genome
(Anderson et al., 1981). In total, 20 alterations were detected in this region and are
presented in Table 4.13. Seventeen of these alterations are previously reported
polymorphisms. Three alterations are considered to be novel, namely C12348T, C12436T
and C12798T, and are presented in Paragraphs 4.2.24.1 to 4.2.24.3.

Table 4.13: Alterations detected in the ND5 gene

Alteration’ Individuals Alteration Type Reference
C12348T 964 Synonymous Not yet reported
G12406A 921 Val — lle Herrnstadt et al. (2002)
C12436T 941 His — Asn Not yet reported
A12693G 926, 976 Synonymous Silva et al. (2002)
gigzosT | TS 993;‘;" Sy PHEE O | Syenymom Marzuki et al. (1991)
A12720G 995, 962, 964, 972 Synonymous Brown et al. (2001)
T12738C 934 Synonymous Mishmar et al. (2003)
C12798T 962 Synonymous Not yet reported
A12948G 939 Synonymous Herrnstadt et al. (2002)
A13105G 995, 941, 962, 964, 972 lle — Val Prezant et al. (1993)
A13276G 941, 962, 964, 972 Met — Val Ingman et al. (2000)
C13506T 995, 941, 962, 964, 972 Synonymous Herrnstadt et al. (2002)
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Table 4.13: Continued...

Alteration’ Individuals Alteration Type Reference
G13590A 926, 939, 976 Synonymous Ozawa et al. (1995)
C13650T 926, 995, 939, 941, 962, 964, 972, 976 Synonymous Silva et al. (2002)
G13708A 976 Ala — Thr Torroni et al. (1996)
G13759A 941, 964, 972 Ala — Thr Rieder et al. (1998)
A13803G 926, 976 Synonymous Silva et al. (2002)
A13966G 939 Thr — Ala Finnila et al. (2001)
A14007G 962 Synonymous Ingman et al. (2000)
A14059G 939 lle —Val Mishmar et al. (2003)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). Non-synonymous alterations are indicated by
three-letter amino acid notations. His = histidine, Asn = asparagines, lle = isoleucine, Val = valine, Met = methionine, Ala = alanine and
Thr = threonine. Arrows indicate the direction of amino acid change.

4.2.24.1 The C12348T alteration in the ND5 gene

The C12348T alteration is a transition located in the ND5 gene and was detected in
individual 964. An electropherogram illustrating this alteration is presented in Figure 4.11.
No report of this transition could be found, and the C12348T transition was thus
considered to be novel. The ND5 gene is translated into an amino acid polypeptide
(Wallace, 1992). The alteration occurs in the third codon position, altering the codon from
CAC to CAU (MITOMAP, 2004). However, both codons code for histidine, and the
transition therefore represents a synonymous alteration.

Figure 4.11: Representative electropherogram of the C12348T alteration in the
NDS5 gene

(i) Control

CCAAATAAAA(TAATAACCA TuLaLa L 1A CIATAACCA CCCTAACCCTGA

(ii) Individual 964

CCAAATAAAACTAATAACCA TGCA[TIA CTA CTA TAACCA CCCTAACCCTGA

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box (0)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.
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4.2.24.2 The C12436T alteration in the ND5 gene

The C12436T transition was detected in the ND5 gene and Figure 4.12 presents an
illustration of this alteration. This transition has, to date, not been reported. The ND5 gene
is translated, therefore the codon is altered as a result of this alteration (Wallace, 1992).
The C12436T transition, observed in individual 941, is located in the first codon position
and alters the codon from CAU, which codes for histidine, to AAU, which codes for
asparagine (MITOMAP, 2004). Histidine possesses a bulky and rigid ring structure side
chain with basic properties, whereas asparagine possesses a polar uncharged and
unbranched amino acid. The alteration in amino acid may affect the structure of the

resulting protein and may result in a functional effect (Campbell, 1995).

Figure 4.12:  Representative electropherogram of the C12436T alteration in the ND5
gene

(i) Control nt 1‘2L436

CCTAACAAAAAAAACTCATACCCOCA TTAT GTAAAATCCATTGTCGCATC

(i) Individual 941
nt 12436

CCTAACAAAAAAAACTCATACCCCIATIATGTAAAATCCATTGT CGCAT C

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box ([J)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

The prediction of a functional effect can be achieved through comparing the functional
effect of a similar alteration in close proximity to the reported change. These reported
alterations may affect similar domains of the protein, and may result in similar functional
changes. An A12418C non-synonymous alteration (Silva et al., 2003) has previously been
reported in an individual and is located 18 nucleotides downstream of the C12436T
alteration. In the A12418C alteration, lysine, a positively charged basic amino acid, is
replaced with glutamine, a polar, uncharged amino acid. These two amino acids differ in
stereo-chemical properties. The alteration may therefore affect the resulting protein.
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However, the individuals in which this alteration was observed were not reported as
harbouring any mitochondrial disorders (Silva et al., 2002). The alteration is also present in
the 12300 - 12900 region, which corresponds to the N-terminal region of the ND5 subunit.
This region contains a significantly larger number of variants, indicating a lack of functional
constraint (Marzuki ef al., 1991). Therefore, the prediction of a lack of functional effect
associated with the C12436T alteration is supported.

4.2.24.3 The C12798T alteration in the ND5 gene

A transitional change, namely C12798T, was detected in the ND5 gene and is presented
in Figure 4.13. This transition occurs in the third codon position of CUC (MITOMAP, 2004)
which codes for leucine. The codon is changed from CUC to CUA, which codes for leucine
as well. The transition thus results in a synonymous alteration, not affecting the amino acid
composition of the polypeptide. This alteration was detected only in individual 962 and is
presented for the first time in the current investigation, as no reference to the alteration
could be detected.

Figure 4.13: Representative electropherogram of the C12798T alteration in the
NDS5 gene

(i) Control nt 1?'?98

GTAGGAATTATATCCTTCTTGCTCA TCA GT TGAT GATA CGCCCGAGCA

(i) Individual 962
nt 12798

GTAGGAATTATATCCTTCTTGCT[IATCA GT TGAT GATA CGCC CGAGCA

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box (0)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.
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4.2.25 The NADH dehydrogenase subunit 6 gene

The NADH dehydrogenase subunit 6 (ND6) gene of the human mitochondrial genome is
located in the 14149 - 14673 nucleotide position. The gene is translated into a subunit
utilised by complex i of the OXPHOS system (Wallace, 1992). Nine alterations were
detected in this gene and are presented in Table 4.14. Seven of the alterations are
previously described polymorphisms. Two alterations are described as novel, as no
references to these alterations were identified during a broad literature search. The novel
A14176G and C14407T transitions are discussed in Paragraphs 4.2.25.1 and 4.2.25.2

respectively.

Table 4.14: Alterations detected in the ND6 gene

Alteration’ Individuals Alteration Type Reference
A14152G 995, 934 Synonymous Marzuki et al. (1991)
A14176G 926 Synonymous Not yet reported
T14182C 995 Synonymous Huoponen et al. (1993)
T14212C 921, 995, 934 Synonymous Marzuki et al. (1991)
T14308C 995, 962 Synonymous Sudoyo et al. (2002)
C14315T 941, 972 Thr —lle Mouton (2003)
C14407T 939 Synonymous Not yet reported
A14566G 926, 976 Synonymous Silva et al. (2003)
C14659T 941, 972 Leu — Phe Mouton (2003)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999). The non-synonymous alterations are indicated by
three-letter amino acid notations. Thr = threonine, lle = isoleucine, Leu = leucine, Phe = phenylalanine. The arrows indicate the direction
of amino acid change.

4.2.25.1 The A14176G alteration in the ND6 gene

The A14176G alteration represents a transition located in the ND6 gene (Anderson et al.,
1981). This alteration has to date not been described and is illustrated in Figure 4.14. The
ND6 gene is transcribed from the reverse strand of the mitochondrial genome. The
transition thus occurs in the third codon position, altering the codon from AUU to AUC
(MITOMAP, 2004). This alteration is synonymous, as both codons code for isoleuine, and
was detected in individual 926.
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Figure 4.14: Representative electropherogram of the A14176G alteration in the
ND6 gene

(i) Control nt 14176

TTCCCCCOAGCAATCTCAATTA (AJATATATA CACCAACAAACAAT

A T

(ii) Individual 926

nt 14176

TTCCCCCGAGCAATCTCAATTA C@ATATATA CACCAACAAACAAT

g VA

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box ()
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

4.2.25.2 The C14407T alteration in the ND6 gene

The C14407T alteration, detected in individual 939, is reported as novel in the current
investigation and an illustration thereof is presented in Figure 4.15. The alteration occurs in
a protein-coding region, which is transcribed from the reverse strand. The alteration
represents a G to A transition occurring in a third codon position of the reverse strand. The
codon is altered from UUG to UUA. As both codons code for the amino acid leucine, the
transition is considered synonymous.
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Figure 4.15: Representative electropherogram of the C14407T alteration in the
NDS5 gene

(i) Control nt 13407

CGCTAACCCCA CTAAAACACTCA JCAAGACCTCAACCCC TOGACCCCCAT

(ii) Individual 939
nt 14407

COGCTAACCCCACTAAAACACTCACTAACACCTCAACCCCTGACCCCCAT

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box (O)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

4.2.26 The cytochrome b gene

The cyt b gene occurs in the 14747 to 15887 position of the mitochondrial genome
(Anderson et al., 1981). A total of 16 alterations were detected in this region when the
individual's sequences were compared to the RCRS, and are presented in Table 4.15.
Fifteen of the alterations have previously been described as polymorphisms. The
A15692G alteration was detected in individual 972, and is presented for the first time in
Paragraph 4.2.26.1. This alteration is considered novel, as the alteration was not detected
in the literature.

The alterations C14766T and A15326G were both detected in all individuals analysed and
represent an error and a rare polymorphism respectively in the RCRS. At nucleotide
position 14766 the RCRS (Andrews ef al., 1999) has a C nucleotide, whereas the CRS
(Anderson et al., 1981) contained a T nucleotide. The CRS was altered as it represents
the sequence of Hela cells, which are derived from an individual of African origin
(Anderson et al., 1981). Therefore, it is not surprising that the C14766T alteration was
detected, as the individuals of the current study are also of African origin. An A at
nucleotide position 15326 represents a rare polymorphism in the RCRS, and the A15326G
alteration represents the most common allele observed at that position.
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Table 4.15:  Alterations detected in the cyt b gene

Alteration’ Individuals Alteration Type Reference
A14755G 995 Synonymous Herrnstadt et al. (2002)
C14766T L, W, B, %3;; %E;% o, e e, Synonymous Andrews et al. (1999)
G14905A 921 Synonymous Howell et al. (1995)
A14926G 995 Synonymous Crimi et al. (2002)
G15110A 939 Ala — Thr Legros et al. (2001)
C15136T 962 Synonymous Ingman et al. (2000)
G15301A 921, 926, 934, 939, 976 Synonymous Ozawa et al. (1991a)
missgee | AL 90A. 296, %37‘;" - Sl bal (i TS Andrews et al. (1999)
G16237T 941 Synonymous Finnila et al. (2001)
G15431A 962 Ala — Thr Ingman et al. (2000)
G15466A 941, 964, 972 Synonymous Mishmar et al. (2003)
T15670C 934 Synonymous Valnot et al. (1999)
A15692G 972 Synonymous Not yet reported
C15735T 926 Ala — Val Coble et al. (2004)
T15784C 926, 976 Synonymous Herrnstadt et al. (2002)
T15792C 976 lle — Thr Finnila et al. (2001)

1 = Alteration format includes initial nuclectide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews ef al., 1999). Non-synonymous alterations are indicated by
three-letter amino acid notations. Ala = alanine, Thr = threonine and Val = valine, lle = isoleucine. Arrows indicate the direction of amino
acid change.

4.2.26.1 The A15692G alteration in the cyt b gene

The A15692G transition, located in the cyt b gene, is reported as novel in the current
investigation and is illustrated with an electropherogram presented in Figure 4.16. The
A15692G transition alters the first codon position of the codon for methionine (AUA) and
results in a non-synonymous alteration to valine (GUA). Both amino acids have non-polar
side chains, thus resulting in minimal disruption in the protein (Campbell, 1995). Previous
reports of non-synonymous alterations in the cyt b gene have been implicated in affecting
the efficiency of OXPHOS ATP production by decreasing the coupling efficiency, and thus
increasing heat production. Alterations of this nature have been suggested to allow
adaptations to specific climatic environments (Mishmar et al., 2003).
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Figure 4.16: Representative electropherogram of the A15692G alteration in the
cyt b gene

(i) Control nt 1f592

CCACATATCCAAACAACAAAGCATA[AITATTTCGCCCACTAAGCCAATCAC

(ii) Individual 972
nt 15692

CCATATAT CCAAACAACA&AGCATA@FATTTCGCCCA CTAAGCCAATCAC

Control = representative electropherogram of an individual with identical sequence to the RCRS. Nucleotides enclosed in a box ((J)
represent novel alterations. Arrows indicate the nucleotide (nt) positions at which alterations occur.

4.2.27 The transfer RNA threonine gene

The tRNA threonine (tRNA™™) gene encodes a functional tRNA molecule and is located in
the 15888 to 15953 position of the mitochondrial genome (Anderson et al., 1981). Three
alterations were detected in this region when generated sequences were compared to the
RCRS, and are presented in Table 4.16. All alterations detected are previously reported

polymorphisms.

Table 4.16: Alterations detected in the tRNA™ gene

Alteration’ Individuals Alteration Type Reference
G15930A 941, 964, 972 Synonymous Mishmar et al. (2003)
T15941C 941, 964, 972 Synonymous Mishmar et al. (2003)
T15942C 934 Synonymous Rose et al. (2001)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999).

4.2.28 The D-loop region

The D-loop of the human mitochondrial genome refers to the non-coding region
between tRNA"™® and tRNA""™ (16024 - 576). It represents the least conserved region of
the mitochondrial genome, varying in sequence content as well as length between different
species (Anderson et al., 1981). No function was initially assigned to this region, but it
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contains blocks of nucleotide sequences which exhibit sequence homology between
human, bovine and rat mitochondrial genomes, indicating a level of conservation
(Anderson et al., 1981). These are conserved regions that correspond to signal elements
responsible for transcription and replication of the genome (Clayton, 1991). The D-loop
contains unconserved regions corresponding to the HVS1 and HVS2 segments, located in
the 16024 - 16383 and 57 - 372 positions respectively (MITOMAP, 2004). Apart from the
hypervariable segments, the rest of the D-loop region evolves at a similar rate to that of

the coding region (Greenberg et al., 1983).

During the course of the current investigation, a total of 43 nucleotide substitutions,
presented in Table 4.17, and five sequence length alterations, presented in Table 4.18,
were detected in the D-loop. All nucleotide substitutions detected in the D-loop have
previously been described as polymorphisms. Four of the sequence length alterations are
previously described polymorphisms and one possibly represents a previously unreported
insertion of an unknown number of C residues in the 568 - 577 position, and is discussed

prior to Figure 4.17.

Table 4.17: Nucleotide substitutions detected in the D-loop

Alteration’ Individuals Alteration Reference
Type
A73G 921, 826, 9959'792?‘;-7963& 941,964, | Transion | Aquadro and Greenberg (1983)
A93G 962 Transition Graven et al. (1995)
A95C 962 Transversion Graven et al. (1995)
G143A 976 Transition Graven et al. (1995)
T146C 926, 939, 941, 964, 972, 976 Transition Aquadro and Greenberg (1983)
C150T 921, 934, 939 Transition Aquadro and Greenberg (1983)
T152C 926, 995,934,999, 941,962,972, | Transition | Aquadro and Greenberg (1983)
c182T 939 Transition Aguadro and Greenberg (1983)
G185A 962 Transition Aquadro and Greenberg (1983)
A189G 995, 934, 962 Transition Aquadro and Greenberg (1983)
T195C 921, 926, 939, 941, 964, 972, 976 Transition Aquadro and Greenberg (1983)
C198T 926, 939 Transition Graven et al. (1995)
T199C 964 Transition Ozawa et al. (1991b)
A200G 934, 976 Transition Aquadro and Greenberg (1983)
T204C 939 Transition Graven et al. (1995)
T236C 962 Transition Aquadro and Greenberg (1983)
; G247A 995, 941, 962, 964, 972 Transition Aquadro and Greenberg (1983)
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Table 4.17: Continued...
Alteration’ Individuals Alteration Reference
Type

A263G 921, 926, 995, 934, 939, 962, 976 Transition Andrews et al. (1999)
G16129A 939, 941, 962, 964, 972 Transition Finnila et al. (2001)
C16148T 962 Transition Aquadro and Greenberg (1983)
C16168T 962 Transition Di Rienzo and Wilson (1991)
T16172C 921, 962 Transition Greenberg et al. (1983)
C16176T 934 Transition Maca-Meyer et al. (2001)
C16187T 995, 941, 962, 964, 972 Transition Horai and Hayasaka (1990)
C16188G 962 Transversion Horai and Hayasaka (1990)
C16188A 995 Transition Horai and Hayasaka (1990)
T16189C 921, 926, 995, 941, 962, 964, 972 Transition Horai and Hayasaka (1990)
G16213A 939 Transition Horai and Hayasaka (1990)
Ctezzar | *h B 99%54: %3;‘; e T Trsiion Horai and Hayasaka (1990)
A16230G 995, 941, 962, 964 Transition Aquadro and Greenberg (1983)
C16234T 964 Transition Di Rienzo and Wilson (1991)
C16239T 995, 941, 972 Transition Maca-Meyer et al. (2001)
T16243C 941, 964, 972 Transition Horai and Hayasaka (1990)
C16266G 964 Transversion Horai and Hayasaka (1990)
C16278T 926, 939, 962, 976 Transition Horai and Hayasaka (1990)
C16294T 926, 941, 972, 976 Transition Di Rienzo and Wilson (1991)
A16309G 926, 976 Transition Horai and Hayasaka (1990)
T16311C 939, 941, 962, 964, 972 Transition Horai and Hayasaka (1990)
C16320T 921, 941, 962 Transition Horai and Hayasaka (1990)
T16327C 934 Transition Horai et al. (1993)
C16354T 939 Transition Richards et al. (2000)
G16390A 926, 939, 976 Transition Mishmar et al. (2003)
T16519C 921, 995, 941, 964, 972 Transition Aquadro and Greenberg (1983)

1 = Alteration format includes initial nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The RCRS was utilised as the reference sequence (Andrews et al., 1999).

All the sequence length variations, except for the insertion at 568 - 577, consisted of one

or two nucleotide insertions or deletions and were generally located in multimeric repeats.

The 311 - 315insC polymorphism, detected in all individuals analysed, represents the most

common state at this site, as the sequence of the RCRS represents a rare polymorphism.

81



RESULTS AND DISCUSSION CHAPTER FOUR

Table 4.18: Insertions and deletions detected in the D-loop

Alteration’ Individuals Reference
311 - 315insC 921, 926, 99%?, %3;‘; 993;%' 941,962, | Graven et al. (1995); Andrews et al. (1999)
498delC 941, 964, 972 Vigilant et al. (1991)
522-523delCA 972, 976 Kleinle et al. (1998)
568 - 577insPolyC 972 Not yet reported
16184 - 16194insCC 921 Horai and Hayasaka (1990)

1 = Alteration format includes nucleotide position, followed by an insertion or deletion event, followed by the nucleotide (s) inserted or
deleted. ins = insertion. del = deletion. The RCRS was utilised as the reference sequence (Andrews et al., 1999).

An unusual sequence length alteration, 568 - 577insPolyC, was detected in individual 972,
and is illustrated with an electropherogram in Figure 4.17. Initially, when the forward primer
sequence was obtained, it was envisioned that more than one sequence template present
in the sequencing reaction was responsible for the image of mixed template after a certain
point in the electropherogram, as illustrated in Figure 4.17 (i). The PCR reaction producing
the specific fragment was therefore optimised further, to decrease secondary amplification.
However, after the sequencing reaction was repeated, an identical result was obtained
when the optimised PCR product was utilised. The presence of mixed template, as a result
of an unoptimised PCR reaction, was therefore unlikely to be responsible for the sequence
failure.

It was noted that Van Brummelen (2003) obtained a similar result, which the author
attributed to a heteroplasmic insertion. The region under investigation was therefore
sequenced in the reverse direction, and a similar result as that observed in the forward

sequence electropherogram was obtained, as presented in Figure 4.17 (iii).

The long run of Cs detected in the 568 - 577 region may be assigned to a slipped
mispairing insertion, formed during replication of the genome (Wrischnik et al., 1987) of
four or more Cs in this region. When the forward and reverse sequence electropherograms
were analysed, there was a discrepancy in the number of Cs observed in the 568 - 577
region. The electropherogram illustrating the forward sequence is presented in Figure 4.17
(i), and indicates the insertion of four Cs, whilst the reverse sequence electropherogram,
illustrated in Figure 4.17 (iii), indicates seven Cs inserted. The difference observed in the
number of inserted Cs may be due to slippage of the sequencing enzyme (Greenberg et
al., 1983) or may be due to heteroplasmy.
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Figure 4.17: Representative electropherogram of the 568 - 577insPolyC

(i) Individual 972 forward sequence
nt 568 nt 577

CCAAACCCAAAGACACCCCCCCCCCCAGTTTTTGGGGTTTTC

(iij) Control
nt 568 nt 573

CCAAACCCCAAMLAGACACCCCCCA CAGTTTATGTAGCTT.

(iii) Individual 972 reverse sequence
nt 565 nt 577

ACCCAAACCCCAAAGCCCCCCCCCCCCCACAGTT TATGTAGCTT

Control = representative electropherogram of an individual with identical sequence to the RCRS. Downward arrows () indicate the
nucleotide (nt) positions between which the length alteration occurs. Upward arrows (4) indicate the positions of overlapping peaks.

An explanation linked to the heteroplasmic status for the 568 - 577insPolyC alteration is
favoured over the possibility of slippage by the sequencing enzyme, due to two
observations. Firstly, an insertion of four Cs was observed when the forward sequencing
reaction was repeated, and an insertion of seven Cs was observed when the reverse
sequencing reaction was repeated. It is unlikely that slippage of the sequencing enzyme
could account for the same number of Cs inserted when the forward sequencing reaction
was repeated. This situation is also true for the reverse sequencing reaction. Therefore,
the option of slippage of the sequencing enzyme is less likely to have generated the
observed results. When the forward sequence is critically analysed, the 568 - 577insCCCC
generated the strongest signal in the electropherogram and when the reverse sequence is
critically analysed, the 568 - 577insCCCCCCC generated the strongest signal in the
electropherogram. This is confirmed by the presence of simultaneous or overlapping
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peaks in the reverse sequence electropherogram at the 565 - 567 position, illustrated in
Figure 4.17 (iii), which may represent the insertion of three Cs.

Secondly, the appearance of overlapping peaks downstream of the polyC insertion in the
forward sequence and upstream of the polyC insertion in the reverse sequence indicates
the presence of mixed templates. Thus, not all the mitochondrial genomes are equal with
regard to the length of the polyC insertion. The simultaneous sequencing of both templates
will result in amplicons of different lengths, which will produce electropherograms of a
superimposed nature. No report describing this particular insertion could be identified.
However, novel status was not assigned to the alteration, as the exact length of the polyC

insertion could not be confirmed with complete confidence.

The heteroplasmic status of this alteration can be verified through several procedures. The
level of heteroplasmy may differ between different tissues in an individual (Larsson and
Clayton, 1995). Isoclating DNA from various tissues of the individual, and subsequent
sequencing thereof, will aid in confirming the absence or presence of heteroplasmy in
various tissues. If heteroplasmy is detected in all tissues, RFLP analysis can be utilised to
confirm the heteroplasmic status. The recognition of RE sites upstream and downstream
of the insertion would result in two fragments of unequal size, that can be detected via

polyacrylamide gel electrophoresis (PAGE), thus confirming the heteropiasmic status.

4.2.29 SEQUENCE COMPARISON

The complete mitochondrial genome sequences of 10 individuals of Zulu, Xhosa and
Tswana ethnic origin were determined to investigate the relationship between different
Southern African ethnic groups. The comparison of sequences relative to the RCRS
revealed a total of 222 alterations, of which 207 were previously reported polymorphisms.
Fifteen have to date not been reported, and are presented for the first time in the current
investigation.

The large number of differences between the generated sequences and the RCRS can be
attributed to the fact that the RCRS is derived from an individual with European
haplogroup H. The RCRS therefore exhibits alterations that are European-specific, or
more prevalent in the European population relative to the African population, and are thus

not often detected in African populations.
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All alterations detected are presented in Appendix A, and could be divided into nucleotide
substitutions and length alterations. In totai, six length alterations were detected and were
all located in the D-loop region (Table 4.18, page 82), therefore not resulting in any
frameshift mutations. Two of the length alterations detected did not occur in more than one
individual, and four of the length alterations were shared between at least two individuals.
A total of 216 nucleotide substitutions were detected. As expected, the number of
nucleotide substitutions was greater than the number of length alterations, since
the likelihood of occurrence as well as fixation is smaller for length variations than for

nucleotide substitutions (Greenberg ef al., 1983).

Nucleotide substitutions that were detected could be divided into TS and TV and were
located in either non-coding, tRNA/fRNA-coding or protein-coding regions. A further
division between substitutions occurring once and being shared between at least two
individuals was made. A summary of the above-mentioned classes is presented in Table
4.19. Transitions located in the protein-coding regions were most common, with shared
transitions occurring twice as frequently as single transitions. It is noted that out of a total
of 216 substitutions, 208 represent transitions. This translates to 96.3% of substitutions
being classified as transitions, which is in general agreement with similar previous studies
(Aquadro and Greenberg, 1983). The degree of transitional bias correlates with the
phylogenetic relatedness between entities, where a high degree of transitional bias
indicates a close relationship. The high degree of transitions is mainly due to a C
deamination bias and multiple substitutions obscuring the transition record rather than to
selection of specific gene products (Brown ef al., 1982a; Brown et al., 1982b).

Table 4.19: The division of nucleotide substitutions

Mitochondrial Transitions (TS) Transversions (TV) Total of
Region Single | Shared | Total | Single | Shared | Total TS+TV
Non-coding 39 24 63 3 0 3 66
tRNA/rRNA-coding 21 18 39 0 1 1 40
Protein-coding 35 71 106 2 2 4 110
Total g5 113 208 5 3 8 216
Percentage (%) 43.7 52.6 96.3 2.3 1.4 3.7 N.A.

Single = nucleotide substitutions detected in a single individual only. Shared = nucleotide substitutions shared between at least two
individuals. A total of each class is indicated at the end of each row and column. TS = transition, TV = transversion. N.A. = not
applicable.

Nucleotide substitutions in protein-coding regions were divided further into synonymous

and non-synonymous alterations. A total of 108 synonymous and 32 non-synonymous
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alterations were detected. Of the 108 synonymous alterations, 45 were detected once and
63 were detected in at least two individuals. Thirteen of the non-synonymous alterations

were detected only once whilst 19 were shared between at least two individuals.

The degree of divergence between individuals can be estimated by the number of
sequence differences between them (Brown et al., 1982b). The total number of nucleotide
substitutions between each combination of two individuals was calculated and is presented
in Table 4.20. In the current study 101 alterations were detected only once, whilst 120
were detected in more than one individual. Of the 206 previously reported polymorphisms,
88 were detected once and 118 were detected in more than one individual. Eleven of the
13 novel alterations were detected only once, whilst two were shared alterations. The
568 - 577insPolyC alteration that was not assigned novel status, as discussed in
Paragraph 4.2.28, was detected only in a single individual. The T9637A alteration occurred
in more than one individual and was not given novel status, as discussed in Paragraph
4.2.18.1. Therefore, a total of 15 alterations were detected that had previously not been
reported in the literature. The larger number of shared alterations between individuals is an

indication of greater relatedness (Cann ef al., 1987), as discussed in Paragraph 2.8.

Through analysing Table 4.20, it is observed that some groups of individuals share more
alterations than other combinations of individuals. Most nucleotide differences were shared
between individuals 941 (Zulu), 962 (Tswana), 964 (Tswana) and 972 (Tswana). A large
number of alterations were shared between individuals 926 (Xhosa), 976 (Tswana) and
939 (Zulu), as well as between individuals 995 (Xhosa), 962, 964 and 972 (Tswana) and
941 (Zulu). The number of shared alterations between individuals in an ethnic group is in
most cases low compared to individuals in different ethnic groups. Thus, based on the
number of shared alterations, more alterations seem to be shared between individuals
belonging to different ethnic groups than between individuals in an ethnic group.
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Table 4.20: Observed number of nucleotide differences between individuals

- . Xhosa Zulu Tswana
Individual
921 926 995 934 939 941 962 964 972 976
921
2
,'% 926 20
295 22
934 22
-
= 939 20
N
941 18
962 19
33
§ 964 17
2 972 18
976 18

Observed number of nuclectide differences between two individuals is presented at the intercept of the row of one and the column of the
other individual. Xhosa individuals = 921, 926 and 995. Zulu individuals = 934, 939 and 941. Tswana individuals = 962, 964, 972 and
976. Grey coloured cells contain no data.

Changes that were detected in at least two individuals were called “shared alterations”.
These were unigque in that they were only present in some individuals. Combinations of
individuals were formed based on the presence of these shared alterations. Each
combination was termed a motif. Some motifs occurred more than once, i.e. some
combinations of individuals shared more than one unique alteration. The number of
occurrences in which a specific motif was detected was an indication of the relatedness
between individuals in the motif. The number of occurrences was calculated and is
presented in Table 4.21. A complete list of alterations from which the motifs were
compiled, is listed in Appendix C. Motifs with only one alteration were excluded in this
particular analysis. The highest number of shared unique alterations was detected
between individuals 941, 964 and 972, as indicated by motif xiv in Table 4.21.

The shared alterations indicated in Table 4.21 can be viewed in another context, namely
that of nucleotide differences. Individuals comprising a motif have aiterations in common,
but have the same number of nucleotide differences relative to individuals not included in
the motif. Therefore, the data presented in Table 4.21, and discussed in Paragraph
4.2.28.1, are also indicative of the nucleotide differences between individuals.

87



RESULTS AND DISCUSSION CHAPTER FOUR

Table 4.21: Combinations of alterations between individuals

Motif II:lumtl.:uer of Xhosa Zulu Tswana

name | 3T CRE M 921 [ 926 | 995 [ 934 [ 939 | 941 | 962 [ 964 | 072 | o786

i 2 0 0 1 1 0 0 0 0 0 0

i 2 0 0 0 0 1 1 1 1 1 0

iii 2 1 1 1 1 1 0 1 0 0 1

iv 3 1 0 1 1 0 0 0 0 0 0

v 3 0 1 1 0 1 1 1 1 1 1

vi 4 0] 0 0 0 0 1 0 0 1 1]

vii 4 0 0 1 0 0 0 1 0 0 0

viil 4 0 1 0 0 1 1 1 1 1 1

i 6 0 1 0 0 1 ] 0 0 0 1

X 9 0 1 0 0 0 0 0 0 0 1

xi 10 0 0 0 0 0 1 1 1 1 0]

Xii 13 0 0 1 0 0 1 1 1 1 4]

Xiii 13 1 1 1 1 1 1 1 1 1 1

Xiv 15 0 0 0 0 0 1 0 1 1 0

A *1" indicates the presence and a "0" the absence of an individual in the motif. Alterations utilised to construct each motif are
indicated in Appendix C.

4.2.29.1 Haplogroup analysis

Mitochondrial sequence alterations reflect the evolutionary history of an individual.
Mutations arise in the female germ line and are transmitted to the next generation
(Wallace, 1994). Thus, various mtDNA lineages arise that are diverse as a result of
different evolutionary histories (Wallace et al.,, 1999). Populations that have undergone
differences in evolutionary histories can therefore be distinguished based on their
sequence composition. For the purpose of the current study, haplogrouping was initiated
successfully utilising macro-haplogroup L specific SNPs. This is due to the fact that all
individuals investigated were of African origin, increasing the likelihood of an individual

clustering in macro-haplogroup L.

Haplogroup definitive criteria as stated by Chen ef al. (1995), Watson et al. (1997) and
Torroni et al. (2001), and employed by most authors to identify African-specific
haplogroups, were unsuccessful in assigning hapiogroups to all individuals analysed. This
was due to the fact that the populations investigated in the current study were not
represented in the samples utilised by the aforementioned authors to generate the first
generation of haplogroup-informative sites. !t was therefore necessary to employ the
haplogroup criteria of Wallace (2003), where additional data were included when defining

haplogroup sites, thereby representing the populations in the current investigation.
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The Sub-Saharan African-specific macro-haplogroup L is divided into four haplogroups,
namely LO, L1 L2 and L3. The African macro-haplogroup L expanded and formed the
African-specific L3 haplogroup as well as the Eurasian macro-haplogroups M and N.
Haplogroups M and N left Africa to colonise Europe and Asia (Mishmar ef al., 2003).

Haplogroups LO, L1 and L2 are defined by a T nucleotide at position 3594 and
haplogroups L3, M and N by a C nucleotide at this position (Wallace, 1994, Chen ef al.,
2000). These haplogroups are further subdivided by other polymorphisms, as discussed in
Paragraph 3.5.2. The haplogroup of each individual is presented in Table 4.22, with the
time to the MRCA of haplogroups indicated. The age of haplogroups LOb, LOc1, L3a1 and
L3a3 is not known. In cases where the age of a sub-haplogroup is not known, the age of
the haplogroup from which it branched is stated. The haplogroups represented by the
individuals in the current study therefore have a time to the MRCA several orders of
magnitude larger than that specified by the ethnic group time to the MRCA, as discussed
in Paragraph 2.9.

Table 4.22: Haplogroup assighment of individuals of different ethnic origin

—

Haplogroup Individuals Age of haplogroup (YBP)

LOb 941 (2Z), 964 (T), 972 (T)

LO = 125,000 - 159,000
LOc1 962 (T)
L2a 926 (X), 976 (T) 39,000 - 51,400
L2b 939 (2) 24,800 - 32,700
L3a1 921 (X)

L3a = 78,300 - 103,200
L3a3 995 (X), 934 (Z)

Z = Zulu ethnic origin, T = Tswana ethnic origin and X = Xhosa ethnic origin. YBP = years before present. The age of haplogroups is
indicated here, as stated by Mishmar et al. (2003) and Chen et al. (2000).

Upon haplogroup assignment, the individuals analysed were grouped into three
haplogroups, namely LO, L1 and L3 (see Table 4.22). However, the three haplogroups
identified did not correlate to the three ethnic groups, as originally anticipated due to the
possibility of the ethnic groups sharing a common ancestor, as discussed in
Paragraph 2.9. Haplogroup LO consisted of three Tswana individuals and one Zulu
individual, L2 consisted of one Xhosa, one Zulu and one Tswana individual, and L3
consisted of two Xhosa individuals and one Zulu individual. No ethnic group was definabile
by a single haplogroup. Therefore, there was no apparent association between the ethnic
status and haplogroup of individuals analysed in the current investigation. There are,
however, possible reasons to substantiate the iack of correlation between ethnic groups
and haplogroups observed in the current investigation. Firstly, the haplogroup defining
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polymorphisms utilised in the current investigation may only differentiate between older
evolutionary units. The ethnic groups analysed may therefore represent recently founded

sublineages that have not yet developed lineage-specific polymorphisms.

Secondly, a limitation of ethnic classification, that the ethnic status of an individual may be
incorrectly stated by the individual under investigation, may resuit in the incorrect grouping
of individuals. The ethnic origin of an individual was determined based on self-report by
the subject, as well as the ethnicity of both parents, as provided by the individual, as
described in Paragraph 3.1. This method of classification is limited in that it relies on the
information given by the individual as being correct. The possibility that certain individuals
may be incorrectly classified according to ethnicity can thus not be ignored. An example of
this may be represented by individual 841, who is of Zulu ethnic origin and belongs to
haplogroup L0. Three of the four Tswana individuals clustered in haplogroup LO.
Therefore, individual 941 may be of Tswana ethnic origin and may be incorrectly classified
as Zulu. It will thus be necessary in future studies to sample more individuals, and verify
the ethnic status of their parents again in order to elucidate the relationship between
language and mtDNA haplogroups. A similar scenaric may be true for individual 976, who
is of self-reported Tswana ethnic origin, and clusters in haplogroup L2, together with
Xhosa and Zulu individuals. Therefore, incorrect self-reported classification of ethnicity

may be responsible for an ethnic group not being definable by a single haplogroup.

Haplogroup L1 was not detected in any samples analysed, even though this haplogroup is
specific to the African continent (Chen ef al., 2000) and has been reported in Southern
African individuals, namely Zulu individuals from Johannesburg, South Africa (Watson
et al., 1996; Watson et al., 1997). The absence of haplogroup L1 can be explained by the
following: firstly, haplogroup L1 may be present in the ethnic groups analysed, but by
chance is not represented in the individuals included in the current study. This can be
attributed to the fact that the individuals investigated in this study are not a representative
of their respective ethnic group, due to the small sample size of each ethnic group.
Secondly, haplogroup L1 is concentrated in West Africa, and reported to be rare in
Southern Africa (Salas et al., 2002). Haplogroup L1 may therefore be rare in the ethnic
groups investigated in the current study, or may not be represented in the samples of the

ethnic groups analysed because of the small sample size.

Haplogroups L0, L2a, L2b and L3, detected in the current investigation, have previously
been reported in the Bantu ethnic group (Johnson ef al., 1983; Salas et al., 2002; Watson
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el al., 1996; Watson ef al., 1997). However, the sub-haplogroups of LO, namely LOb and
LOc1, as well as those of L3, namely L3a1 and L3a3, were not discussed in these reports.
It is therefore not known whether the haplogroups described in the above papers included
the specific sub-haplogroups detected in the current study. Haplogroup L2 contributes ca.
36% of the south-eastern Bantu population (Salas ef al.,, 2002). Haplogroup L2a is the
most frequent and prevalent in Africa (Salas ef al., 2002), and haplogroup L2b is absent in
Eastern Africans, rare in Southern Africans and mainly restricted to Western Africa
(Torroni et al., 2001), suggesting a western, western-central origin (Salas ef al., 2002).
Haplogroups L3a and L3b arose in Sub-Saharan Africa and moved north to ultimately yield
Asian mtDNAs belonging to haplogroup M (Chen et al., 2000). Haplogroup L0 represents
the most ancient of all haplogroups, from which haplogroups L1 and L2 diverged (Chen et
al., 2000), and is present at high frequencies in Southern African Khoi-San lineages (Chen
et al., 2000).

The haplogroups represented by individuals in the current study may be the result of
admixture. It is noteworthy that three of the Tswana individuals group in haplogroup LO
lineages, which was also observed in Southern African Khoi-San populations, as
discussed in the previous paragraph. This haplogroup may have been acquired by the
Tswana Bantu group as a result of admixture with resident Khoi-San populations (Soodyall
et al., 1996), during the Bantu expansion, as discussed in Paragraph 2.9. Haplogroup L3,
detected in the current study, is observed in non-African populations as well (Chen et al.,

2000) and may also have been acquired by admixture.

There are several shared alterations between individuals in haplogroups. Individuals in
haplogroup LO share a total of 46 alterations, of which 10 are unique to these individuals,
as indicated in motif xi, Tabie 4.21. Of the unique changes, two are haplogroup
informative. individuals belonging to haplogroup L2 have a T nucleotide at position 10810,
and individuals in haplogroup L0 and L1 have a C nucleotide. Haplogroup L0Oa contains a
G nucleotide at position 9755, whereas haplogroups LOb and LOc have an A nucleotide.
Thirty-five alterations, six of which are unique, are shared between individuals in
haplogroup L2, as presented in motif ix in Table 4.21. Individuals belonging to haplogroup
L3 share 18 alterations, of which three are unique, and are indicated in motif iv in
Table 4.21. One of the unique alterations, namely A10819G, is detected in haplogroup
L3a, and excludes individuals from haplogroups L3b and L3c.
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Individuals in the Xhosa, Zulu and Tswana ethnic groups share a total of 13 unique
alterations, as indicated in motif xii of Table 4.21. However, these shared alterations are
detected in all individuals analysed. There are no unique alterations between individuals
comprising a single ethnic group. Therefore, the grouping of individuals in an ethnic group
is not supported by shared alterations. In contrast, the grouping of individuals via
haplogroup informative sites is supported by unique alterations detected between

individuals in this study.

The haplogroup assignment of individuals as well as the distribution of shared alterations
suggests that the individual ethnic groups under investigation could not each be assigned
to a single haplogroup via full mitochondrial DNA sequence analysis. However, several
groups can be distinguished that have a partial correlation to ethnicity. Three of the four
individuals of Tswana ethnic origin cluster in haplogroup LO. The fourth, namely 941, may
represent an outlier whose ethnicity should be re-confirmed during further analysis and

interviews with the individuals under investigation.

From the data generated in this study, the Xhosa and Zulu individuals seem to form a
heterogeneous group, with five individuals clustering in either haplogroups L3a or L2 and
one in haplogroup LOb, which may represent an outlier, as discussed above. Possible
reasons to substantiate the lack of differentiation between these two ethnic groups may be
assignhed to the fact that they may originally have shared a common ancestor, or
alternatively to admixture between them. This could have occurred during the Bantu
expansion into Southern Africa, or after the ethnic groups had settled in Southern Africa.
The sample size of each ethnic group analysed in the current study is smali and therefore
not necessarily representative of each ethnic popuilation in Southern Africa. Xhosa and
Zulu individuals may therefore not be limited to the haplogroups detected in the current
study. Individual 978, of self-reported Tswana ethnic origin, may represent another outlier
similar to the scenario discussed in the previous paragraph for individual 941.

The sample sizes of each ethnic group are small, and therefore may not accurately reflect
the haplogroup composition of their respective populations. By analysing the above
presented data, the ethnic groups are observed to be enriched for selected haplogroups,
and certain haplogroups were not detected in specific ethnic groups. In the current study,
each ethnic group is composed of more than one haplogroup. The self-reported ethnic
origin of an individual in the current study can therefore not be utilised as a proxy to
correctly envisage the haplogroup of an individual. This investigation indicates the
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possibility that these ethnic groups may be composed of evolutionary components that
merged at the inception of the ethnic group, or that the diverse haplogroup composition
may be a result of recent admixture between the investigated ethnic groups and/or foreign

ethnic groups.

However, the distribution of ethnic groups between haplogroups detected in the current
study may not be an accurate reflection, as certain individuals may represent outliers,
incorrectly classified by the self-reported ethnic origin, as described in Paragraph 3.1.
These outliers are therefore grouped incorrectly and represent the false positive or
negative presence or absence of haplogroups in an ethnic group. It may, however, be
possible to start haplogrouping of individuals of Tswana ethnic origin via haplogroup LO
specific sites. Similarly, haplogroup analysis of individuals of Xhosa and Zulu origins may
be initiated utilising haplogroup L2 and L3a specific sites.

4.2.30 CONSTRUCTION OF PHYLOGENETIC TREES

Molecular phylogenies convert information contained in sequences into an evolutionary
tree. Phylogenetic trees can provide information on the evolutionary differences, patterns,
rate and time estimates between organisms (Nei and Kumar, 2000). The full mitochondrial
sequences dgenerated in the current study were utilised to infer the evolutionary
relationships between the 10 individuals analysed. A UPGMA tree, presented in
Paragraph 4.2.30.1, and a MP tree, presented in Paragraph 4.2.30.2, was constructed
utilising MEGA v2.1 (Kumar et al., 2001). It was not necessary to root the phylogenetic
trees, as the inclusion of a root, representing an outgroup sequence, serves only as a
reference to determine the exact evolutionary distance and timescale difference between
individuals (Nei and Kumar, 2000). The relative timescale between individuals is not
indicated, as it was not an aim of the current investigation. The branch lengths of the trees
presented in this study therefore represent the relative nucleotide differences between

individuals.

4.2.30.1 UPGMA tree

A UPGMA phylogenetic tree was constructed utilising full mitochondrial sequence, as
discussed in Paragraph 3.5.3. With the UPGMA distance method, the sequence data were
converted into evolutionary distances. This resulted in loss of information, as the nature of

alterations was not taken into account (Page and Hoimes, 1998). These distances were
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computed for all pairs of individuals. The pairs having the smallest evolutionary distance
were clustered together and the distances re-calculated. This process was repeated
several times until all clusters were identified. These clusters were utilised to determine the
branching order of the phylogenetic tree, and also allowed the inference of both the branch
length and topology of the tree (Nei and Kumar, 2000).

UPGMA trees are ideally suited for constructing phylogenies if it can be assumed that the
rate of nucleotide substitution is constant (Nei and Kumar, 2000). Although a neutral model
of evolution cannot be assigned to human mitochondrial DNA (Excoffier et al., 1990),
specifics regarding selection (Mishmar ef al., 2003; Ruiz-Pesini et al., 2004) and recent
population history in the African population are currently unknown. The clustering of
individuals by UPGMA analysis, as illustrated in Figure 4.18, is in agreement with the
haplogroup assignment presented in Paragraph 4.2.29.1. Clusters also corresponded to
sub-haplogrouping, with the exception of individual 995 (Xhosa, haplogroup L3a3), which,
according to the haplogroup, should cluster with individual 934 (Zulu, haplogroup L3a3).

Figure 4.18: UPGMA tree of 10 individuals of three ethnic origins

L3a1
323 921Xhosa
a
934Zulu L3
L3a3
995)hosa
L2b
9397ulu
12a —— — 926¥hosa | L2
— 976Tswana
LOc1
962Tswana
LOb 964Tswana Lo
841 Zuly
972Tswana

UPGMA tree of full mitochondrial sequence of 10 individuals belonging to three different ethnic groups. Haplogroups are indicated on
the right of each individual. Sub-haplogroups are indicated above each branch. Branch lengths indicate relative nucleotide differences
between individuals.

4.2.30.2 MP tree

Maximum parsimony is a discrete method of inferring phylogenies, which utilises direct
sequence data, rather than pairwise distances (see Paragraph 3.5.3). The tree topology
was constructed on the basis of the smallest number of nucleotide substitutions that
resulted in the evolutionary process represented by the tree. All possibly correct topologies
were computed and the topology that required the least number of substitutions was
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chosen as the best tree. The minimum number of substitutions for each site and for each
topology, as well as the sum of all substitutions for all topologies, was computed. This sum
was called the tree length and the tree topology with the minimum tree length was called
the MP tree. However, it is possible that more than one topology was constructed with the
same number of minimum substitutions. Therefore, each MP tree with a different topology
was considered as potentially representing the true topology (Nei and Kumar, 2000).

This method of tree construction is not suited for the current study for several reasons. The
most correct topology is only generated if there are no backward or parallel substitutions
(homoplasy). This cannot be assumed, as the high mtDNA mutation rate may result in
homoplasy (Horai et al.,, 1995). Only parsimony-informative sites i.e. nucleotide sites
containing an alteration detected in more than two individuals, are considered. Therefore,
not all alterations are utilised in constructing the tree. The clustering of individuals via MP
analysis, as illustrated in Figure 4.19, is in agreement with that observed in the UPGMA
tree. However, individual 995 is placed outside of the hapiogroup L3a cluster. This implies
that individual 995 was placed incorrectly due to the MP tree construction method. This
may be due to the MP method not being the best suited to reflect the evolutionary
relationships between the individuals in the current study, or due to individual 995
containing unique, non-haplogroup informative alterations that result in the branching

pattern observed, as discussed in Paragraph 4.2.30.3.

Figure 4.19: MP tree of 10 individuals from three ethnic origins

I 2a —— 926Xhosa
976Tswana L2
L2b 939Zulu
. L3ai 921Xhosa
[ 1333 g34zun L3
L3a3 995Xhosa
L0c1 962Tswana
Lob 964Tswanz | Lo
941Zulu
—— 972Tswana

MP tree of full m?tqchondrial sequence of 10 individuals belonging to three different ethnic groups. Haplogroups are indicated on the
right of each individual. Sub-haplogroups are indicated above each branch. Branch lengths indicate relative nucleotide differences
between individuals.
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4.2.30.3 Comparison of phylogenetic trees

There are several reasons to substantiate the branching pattern observed, as well as the
differences between the two trees. The trees that were constructed do not necessarily
reflect the true evolutionary relationships between the individuals analysed (Nei and
Kumar, 2000). This may be a result of the chosen tree-building methods not being ideally
suited to reflect the evolutionary relationships between the individuals analysed. The
observed topology may also be a result of the sequences not accurately reflecting the
evolutionary history of individuals (Nei and Kumar, 2000), i.e. some individuals may
harbour unigue alterations not observed in the rest of the population.

In analysing both trees that were constructed, it was observed that each haplogroup
formed a monophyletic group, with the exception of individual 995 in the MP tree. The
disagreement between haplogroup and the placing of individuai 995 in the UPGMA and
MP tree may be assigned to an incorrect topology due to the number of differences in the
third codon position. These differences reach a saturation level, as they accumulate faster
than alterations in the first and second codon position, and introduce “noise” in
phylogenetic construction (Russo et al., 1998). The fact that individual 995 does not cluster
together with the other 1.3a3 individual, namely 934, may be due to the “noise” mentioned
above. Although these two individuals contain the same haplogroup informative sites,
differences at other sites cause dispersed clustering. Although resulting in the loss of
information when sequences are analysed, the UPGMA distance method may reflect a
more accurate topology. This is due to the fact that all alterations, even parsimony-
uninformative sites, are considered, which contribute to the topology of the constructed
tree. However, the MP tree topology cannot be disregarded, as parsimony-informative
sites reflect and emphasise the genetic relationship between individuals {(Nei and Kumar,
2000).

The clustering and dispersal of individuals via shared alterations, haplogroup assignment
and phylogenetic analysis are not random. The majority of Zulu and Xhosa individuals
cluster together in haplogroups L2 and L3, and most Tswana individuals in haplogroup L0.
Haplogroup LO contains no Xhosa individuals and Haplogroup L3 contains no Tswana
individuals. The absence of specific haplogroups in the ethnic groups analysed in the
current study may be due to the ethnic groups not being representative of their specific

populations due to the small sample size of the current investigation.
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The black Southern African individuals analysed in the current investigation are not
homogeneous on a genetic level. The individuals are diverse in this regard, as three of the
four haplogroups in macro-haplogroup L were detected. There is a non-random clustering
of individuals that needs to be investigated further by analysing more individuais in each

ethnic group, as well as more ethnic groups.

Phylogenetic analyses of the full mitochondrial sequences, generated in the current study,
as well as haplogroup assignment and the distribution of shared alterations, indicate no
apparent correlation between ethnicity and the genetic make-up of an individual. Another
possibility for the observed results is incorrect ethnic classification, as described in
Paragraph 3.1. The outcomes of the analyses are critically reliant on the correctness of the
self report assessment of ethnicity. It is therefore of utmost importance to reconfirm the

ethnicity of each individual through a repeated interview.

The haplogroup and sub-haplogroup assignment of individuals, via haplogroup informative
sites, is in agreement with full mitochondrial sequence data of individuals, except for
distinguishing between sub-haplogroups of L3a, as observed in Figure 4.18. Analysing
only haplogroup informative sites may therefore be sufficient to deduce the evolutionary

relationships between individuals in the current investigation.
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CHAPTER FIVE
CONCLUSIONS

An association between haplogroup and ethnic origin exists to the extent that most
populations harbour a unique and distinctive mitochondrial sequence (Brown, 1980).
Specific mutations may be prevalent in certain populations and haplogroups, resulting in
differential functionality. This differential functionality includes adaptation to colder
climates, increased longevity and possible adaptation to high altitudes, as discussed in
Paragraph 2.7.2.1. In addition, the haplogroup of an individual has often been recognised
to play a decisive role in the expression of certain disease phenotypes (Shoffner ef al.,
1993), as discussed in Paragraph 2.7.2.2. There are also differences in disease
prevalence and drug response between populations, as discussed in Paragraph 2.7.2.2.

Among populations there is also a relationship between the level of genetic differentiation
and linguistics. On a global scale, populations can be distinguished from one another
based on the linguistic phyla to which they belong (Cavalli-Sforza et al., 1988). Therefore,
in continental populations, there is correlation between haplogroup and linguistics, as
described in Paragraph 2.10.

Although there is a high degree of genetic differentiation among Sub-Saharan African
populations, it is not quantifiable through linguistic or geographic differentiation (Excoffier
et al, 1991). However, these authors only analysed blood groups, which are not as
informative as mitochondrial analysis (Wallace, 1994). The correlation between language
and haplogroup therefore still needs to be determined between Bantu ethnic groups in
Southern Africa. This will have an impact upon sampling strategies employed in genetic
studies in the Southern African context. If a linguistic-haplogroup association exists, then it
would be sufficient to sample on an ethnic level and subsequently determine the
expression of a specific disease in each ethnic group. if no association between ethnic
group and haplogroup exists, then a broader sampling strategy should be employed that
results in the representation of each haplogroup in the entire population.

In view of limited information on the black South African population the full mitochondrial

genome sequences of 10 individuals belonging to three distinct Southern African ethnic
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groups were generated. The individuals analysed were three Xhosa, three Zulu and four
Tswana individuals. This was performed with the specific aim to determine whether the
investigated individuals, belonging to different ethnic groups, could be distinguished from
one another on a genetic level, and whether the genetic make-up of individuals
corresponded to their self-identified ethnicity.

51 ALTERATIONS OBSERVED

Investigation of the full mitochondrial sequences generated revealed a total of 221
alterations, which constituted 206 previously reported polymorphisms, 13 novel alterations
and two unreported alterations that need to be confirmed prior to assigning novel status to
them, as discussed in Paragraph 4.2.29. The alterations that could be assigned novel
status were few, relative to similar previous studies (Mouton, 2003; Van Brummelen,
2003). The number of novel changes detected in the current study represents an accurate
representation of the true number of novel alterations, due to the effective method of

assigning novel status to an alteration, as described in the introduction of Paragraph 4.2.

Ten of the novel alterations were synonymous, which could have no functional effect
because of the nature of the alterations. Two novel changes were transitions in rRNA
coding regions and one non-synonymous, which could possibly have a functional effect, as
discussed in Paragraphs 4.2.2.1, 4222 and 4.2.24. 2, However, the individuals in whom
the alterations were detected presented with no clinical symptoms, as described in

Paragraph 3.1.

Except for two novel alterations that were detected twice, as presented in Paragraphs
4.2.4.1 and 4.2.15.1, novel alterations were detected only once. It is unlikely that either of
the T3618C or T8503C alterations arose independently in two unrelated individuals. These
alterations may therefore have arisen in a common ancestor to both individuals, giving rise
to the possibility that more black African individuals harbour these alterations. The findings
of future studies will determine whether the novel alterations detected in the current study
are present in other individuals as well. Although all previously reported alterations are
listed as polymorphisms in the current text, they may actually represent signatures of
selection (Elson et al., 2004) or demographic history (Excoffier et al, 2002) that are
lineage-specific, which may also be true of the novel alterations detected in the current
investigation.
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As discussed in Paragraph 2.8, the genetic relationships between individuals can be
determined by analysis of the shared alterations between them. it was evident upon
evaluation of the shared alterations between individuals included in the current study, and
presented in Paragraph 4.2.27, that there are no unique shared alterations between
individuals in an ethnic group. In contrast, several unique alterations are shared between

individuals that belong to different ethnic groups.

5.2 HAPLOGROUP DETERMINATION

When genetic disorders are investigated in a population, it is essential to take into
consideration the specific genetic background, or haplogroup, of the individuals under
investigation, as discussed in Paragraph 2.7.2.2. In order to investigate the role genetic
background plays in the expression and prevalence of a disease phenotype and drug
response, it is necessary to investigate this correlation in each haplogroup. It is therefore
prudent to haplogroup the individuals investigated in disorder studies.

Upon haplogroup determination it was detected that haplogroup LO contained Tswana and
Zulu individuals, haplogroup L2 contained Tswana, Zulu and Xhosa, and haplogroup L3a
contained Zulu and Xhosa. Therefore, not one of the ethnic groups in the current study
was definable by a single haplogroup, as discussed in Paragraph 4.2.29.1. The number of
unique alterations, presented in Paragraph 4.2.29.1, between individuals belonging to a
single haplogroup, relative to individuals within an ethnic group, is in sharp contrast with
one another. No unique alterations were detected that were specific to an ethnic group and
shared between all individuals in the ethnic groups of the current study. However, several
unique alterations were shared between individuals comprising a single haplogroup.
Therefore, the distribution of shared alterations in the current study is supportive of a
haplogroup clustering rather than clustering based on self-identified ethnicity.

5.3 PHYLOGENETIC ANALYSIS

The clustering of individuals in their respective haplogroups is further supported by
phylogenetic analysis of the full mitochondrial sequence, as presented in Paragraph
4.2.30. By analysing the UPGMA tree constructed in the current study, it was also possible
to delineate sub-haplogroups within haplogroups LO and L2. The topology of the MP tree
was in agreement with the UPGMA tree, except for the placement of individual 995. This

individual harbours a unique array of alterations, which may result in the difference in
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clustering due to the difference in the tree-building methods of UPGMA and MP, as
discussed in Paragraph 4.2.30.2. This needs to be verified in future studies. The UPGMA
method may reflect a more accurate topology, as all alterations were considered, despite
the loss of information when evolutionary data are converted to evolutionary distance. In
contrast, only parsimony informative sites were considered in the MP method, thus not

accurately reflecting the evolutionary relationships between the individuals analysed.

Haplogroup assignment of individuals is in agreement with the UPGMA phylogenetic
analysis of the full mitochondrial genome. All sub-haplogroups of the haplogroups LO, L2
and L3 were delineated by phylogenetic analysis. There were anomalies in the clustering
of individuals by haplogroup assignment relative to the phylogenetic analysis of fuli
mitochondrial sequence, as observed in the clustering of individuals in sub-haplogroup
L3a, discussed in Paragraph 4.2.30.3. However, full mitochondrial sequence analysis is
more accurate than haplogroup analysis in describing evolutionary relationships, as more
sites that have possibly undergone evolutionary change are analysed. These anomalies
are unlikely to influence the findings when only haplogroup analyses are performed, as all
haplogroup levels were correctly delineated. Haplogroup analysis may therefore be
sufficient for describing the evolutionary relationships between individuals in the current

study.

5.4 THE ROLE OF ETHNICITY IN GENETIC STUDIES

In the investigation presented, it was detected that ethnicity, based on language, is only
effective as a partial marker for identifying genetically unique groups. The current
investigation represents a pilot study that was aimed at generating results in support of the
above statement. Haplogroup analysis indicated that most of the Tswana individuals are
grouped in, but are not limited, to haplogroup LO. Phylogenetic analysis, as well as shared
alterations of the full mitochondrial genome, is supportive of this grouping. Although the
individuals analysed in the current study are not necessarily representative of their
respective ethnic groups due to the small sample size, future haplogrouping studies may
regard ethnicity as an indicator of which haplogroup informative sites to investigate first.
For example, the haplogrouping procedure of Tswana individuals may be initiated by
investigating LO specific SNPs. The importance of future studies that include more
individuals is emphasised by the possibility of the haplogroup clustering being due to
chance.
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A simifar argument to the above may be valid regarding the Xhosa and Zulu ethnic groups,
if they are considered as sharing a common ancestor, as the ethnic groups are not
distinguishable by mtDNA investigation. The findings of the current study indicate that
most of the Zulu and Xhosa individuals cluster together, as presented in Figure 4.18, and
belong to either haplogroups L2a/L2b or L3a. Only a single Zulu individual, namely 941,
belongs to haplogroup LO, as discussed in Paragraph 4.2.29.1. The haplogroup
determination process of Xhosa and Zulu individuals can therefore be initiated utilising
haplogroup L2a/l.2b or L3a specific sites. An ethnic status of either Xhosa or Zulu may

serve as an indicator of which haplogroup informative sites to investigate first.

Based on the analysis of the current data, it would seem as if ethnicity is not a definitive
indicator of the haplogroup of an individual. Genetic studies of the association between
disease expression and genetic background require representatives of each haplogroup in
a given population. However, viewed in the context of the fact that the current investigation
comprises 10 individuals from three different ethnic groups, the data from this pilot study
may serve as an indicator of the genetic relatedness of individuals from these three ethnic
groups in the Southern African context.

Ethnicity is an imperfect proxy for establishing ancestral geographic origin, which in itself is
an indicator of the genetic make-up of individuals (Collins, 2004). Ethnicity is defined on
the grounds of social construct, and cannot indicate whether ancestral admixture occurred
(Keita et al., 2004). Even if genetic groups were formed that corresponded to ethnicity,
each group would be internally structured on a genetic level (Tate and Goldstein, 2004)
and this correlation could only be sustained if the groups were endogamous (Risch ef al.,
2002), which becomes less likely if the groups are situated in the same geographic vicinity.
If no correlation between ethnicity and genetic inference exists, the verification of
self-defined ethnicity is essential, as this serves as an indicator of similar environmental
exposure, culture, and other factors, as discussed in Paragraph 2.10, which plays a key
role in disease expression, and provides insight into the contribution of genetics to disease
expression (Tate and Goldstein, 2004).

Certain haplogroups, of the presented study, seem to be present in specific ethnic groups
and absent in the rest. Self-identified ethnicity, although not an ultimate proxy for the
genetic make-up of an individual, may serve as a general indicator of the haplogroup to
which an individual belongs. The term “general indicator” in this context refers to
self-identified ethnicity correlating correctly to genetic background in the majority of
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individuals analysed. Although no ethnic group in the current investigation is definable by a
haplogroup, the analysis of additional individuals will clarify the haplogroup composition of
each ethnic group. This wili clarify to what degree ethnic status can be utilised as an
indicator of the genetic background of an individual in the Southern African context.
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APPENDIX A

WHOLE mtDNA GENOME ALTERATIONS RELATIVE TO
THE RCRS

The full mitochondrial genome sequence of 10 individuals from three ethnic groups, namely
Xhosa individuals (921, 926, 995), Zulu individuals (934, 939, 941) and Tswana individuals
(962, 964, 972 and 976) were screened for alterations relative to the RCRS. A complete list
of alterations detected within all individuals analysed is presented in Table A.1. Alterations
detected within protein coding regions are listed as either synonymous or non-synonymous.
Non-synonymous alterations are indicated with three letter amino acid notations and an
arrow indicating the direction of change. Alterations occurring within rRNA, tRNA or non-

coding regions, are listed as transitions or transversions.

Table A.1: Sequence differences between individuals analysed and the RCRS

Individuals )
Alteration |« |0 |w |9 | |=|]|w|n|w]| Locus Alt_le_ratlon Reference
88832 (3(|8|8|5|5 ype

A73G 111111 iay1111t11 D-loop Transition [Aquadro and Greenberg (1983)
A83G 0|0j0|0Q[0|0|1[0Q|[0]|0]| D-loop Transition Graven ef al, (1995)
A95C 0|0{0|0|0|0|1({0|0]|0]| D-loop |[Transversion Graven et af. {1995)
G143A |0 (0|0 |0|O0O|0O|(0|0|0|1] D-lcop Transition Graven ef al. {(1995)
T146C o|1(0|j0|1}1|0|1|1|1] D-loop Transition |Aquadro and Greenberg (1983)
C150T 1({0|0|1|{1(0|0|0|0)0} D-loop Transition |Aquadro and Greenberg (1983)
T152C o|1{1y1]1]1|10]0|1}1| D-loop Transition |Aquadro and Greenberg (1983)
C182T 0{0|0;0]1|0|0|0{0]|0]| D-oop Transition |Aquadro and Greenberg (1983)
G185A (0{0|0|0{0|0|1,0|0|0| D-loop Transition |Aquadro and Greenberg (1983)
A189G (0|0 {1([(1|0[(0[1|0|0]|0]| D-loop Transition |Aguadro and Greenberg (1983)
T195C i(1|0(0(1y1(0[(1]|1]1] D-loop Transition |Aguadro and Greenberg (1983)
C198T |0 (1 (0j0[(1(0|0|0|0]|0]| D-loop Transition Graven et al. (1995)
T180C 0|0|0;0|0|010|1]0{0| D-loop Transition Ozawa et al. (1991b)
A2006 |(0;0|011]0]010|010]|1]| D-oop Transition |Aquadro and Greenberg (1983)
T204C 0i0(0|011(0]0|0|0|0| D-oop Transition Graven et al. (1995)
T236C 0|0(0|0f{0[0|1|0|0|0]| D-loop Transition |Aquadro and Greenberg (1983)
G247A |010)|1|1010|111]1|1|0| D-loop Transition |Aquadro and Greenberg (1983)
A263G 1(1]1(1;1]0(1]0|0]|1| D-loop Transition Andrews et al. (1999)
s1emec | 11111 [1]1]1|1]1] Dloop | msertion |Cravene! fg,.(zfggg‘) Andrews
498delC |0 |0 |0|0|O1|0|1]1]|0]( D-loop Deletion Vigilant et al. (1991)

523?5;-(: alolofolo]ojolofof1|1] Dloop | Insertion Kleinle et al. (1998)
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APPENDIX A

Table A.1: Continued...
Individuals .
Alteration |« |(w |w Jlaeisiaiziae Locus Alt.? ration Reference
5832238855 ype

577ir51€ssI8=’.onC o{ololo|olo|o|o|1{0]| Doop | Insertion Not yet reported
G709A 0,0|0j0|1]0[0)0)|0]|0]|12SrRNA| Transition Ozawa et al. (1991)
G718A (0[O0 |0 |0 |O|1[0|1]110]|128SrRNA| Transition Maca-Meyer et al. (2001)
G769A |0 |1]|0[0]1{1]|111[1|1[12SrRNA| Transition Moraes et al. {1993)
T825A |0 |O0|0|0|0O[1[0(|1]1]|0]|128rRNA| Transition Prezant ef af. (1993)
G1018A |0 |1 (1|01 |1 |1]1]1|1[12SrRNA| Transition Prezant et al. {(1993)
C1048T (010 |1 (0[O0 |111(1]1]01128rRNA| Transition Moraes ef al. (1993)
T1243C (0[(0Q0 0 |0OJO[O [0 [1]0]0/}12S5rRNA| Transition Taylor et al. (2001)
A1438G [1(1]1[1[1]0[1]0|1|0|125RNA| Transion (0222 etal ,“ﬁg;g)"“d’e‘”s ot
G1442A 10 |0 |0 |0 |1[0|0|0|0|0|[125SrRNA| Transition Palanichamy ef al. (2004)
C1706T |0|0|/0|0|1]0|0 |0 |00 {186SrRNA| Transition Herrnstadt et al. (2002)
G1709A (0|1 0]0)0|0]0|0)|0]|0]|16SrRNA| Transition Zhoa et al. (2004)
A2245G [0/0|1|0|0|0|1|0|0|0|16SrRNA| Transition Moraes et al. (1993)
C2332T |0|Q (0|01 |0|[0|010|0[16SrRNA| Transition Herrnstadt et al. (2002)
T2352C [t |0f{1]|1[0]/0|0/0]|0]|0|16SrRNA| Transition Chen et al. (1995)
A2358G (0 |0|0{0|+|0|0|0|0|0|18SrRNA| Transition Herrnstadt of af. (2002)
T2416C {0 (1(010|110|010 |0 1]|16SrRNA! Transition Herrnstadt et al. (2002)
T2483C (1|0]0|0|0|0|0|0|0/|0|168 RNA| Transition Herrnstadt ef al. (2002)
A2706G (1|1 |1{1|1][0;170([0|1|[165rRNA| Transition Ozawa et al. (1991b)
G2758A 100000 1)171]1)0/|16SrRNA| Transition Moraes of al. (1993)
C2789T (0 |1(0[(0{0J0|0)]0]|0]|1[168rRNAI Transition Rose et al. (2001)
T2885C [0 |O|O[O|0|1]|1|1]|1]|0|16SrRNA| Transition Moraes et al. (1993)
T2887C |0[{0[(0|0|0O|/0[0|0]1]|0|[168rRNA| Transition Not yet reported
G3010A |0 |0 10|0|0;0|0/0|0]|1][165rRNA| Transition Marzuki ef al. (1991)
C3157T (0 |(0(0[0|0|1]010]|0|0|16SrRNA| Transition Not yet reported
G3277A [1{0]o|o|o|o|o[0|0]|0]| tRNA™ | Transition Sternherg et al. (2001)
G3438A (0|0 |OQ|O|O|1|0O|1[170 ND1 Synonymous Thomas ef al. {1996)
C3516A |00 [(1]0QJ0; 11111170 ND1 Synonymous Herrnstadt et al. (2002)
C3594T | Q|1 |0JO |11 |1 |1[1]1 ND1 Synonymous Chen et al. (1995)
T3618C (o0 |(O|O|O|Of1|0|0|1]0 ND1 |Synonymous Not yet reported
A3756G |0|(O0|0/OfjO[170(|1|1]|0 ND1 | Synonymous Mishmar et al. (2002)
A4104G (O (1 (1[0 |11 [1[1[1]1 ND1 Synonymous Ruppert et af. (2004)
Ad4158G (0|00 (0|1 |0C|O|0|O}DO ND1 Syhonymous Herrnstadt et a/. (2002)
T4232C (0|0 |0jO|O(1f0(1|[1]|0 ND1 fle — Thr Mishmar et al. (2002)
ca312T |ojofofofo|1|1][1]1]0] tRNA™ | Transition Moraes ef al. (1993)
T4370C [0{ojojol1{0lofolo]0]| tRNA™ | Transition Anderson et al. (1981)
T4586C (0 |(0{1|0j0j0[1]0|0]|0 ND2 [Synonymous Ingman et al. (2000)
A4767G (0|0 |O0jO0(1|O|O(O|O]|D ND2 Trp — Val Herrnstadt et al. (2002)
A4769G (1 {1 |1 |1 |1 |[1]|1]|1][1]1 ND2 | Synonymous Andrews et al. {1999)
C5027T |0 |0f0|0Oj1{0)0|0|0]|O ND2 |Synonymous Hermnstadt of al. (2002)
T5096C [O0(Q|(0(0]|0|0|1]010[0 ND2 |Synonymous Ingman et al. (2000)
G5231A (0|0 O[O0 |O[1]|00]0Q ND2 | Synonymous Ozawa et al. (1991a)
CH331A (0|0 |0 (0|1 |0|[O|0|0O |0 ND2 Leu — lie Herrnstadt et al. {(2002)
T5442C (0|0 j0j0)0(1}1]1)1]|0 ND2 Phe — Leu Ozawa et al. (1991a)
G5460A (0070|000 |0(1]0}0]0 ND2 Ala — Thr Kosel et al. (1994)
T5553C |0|o0]o|ofo|o]o|1][0|0[ tRNA™ | Transition Herrnstadt et al. (2002)
c5603T |0jojo|ojo|o|1]0|0]|0]| tRNA™ | Transition Moraes et al. (1993)
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T5814C |o0|o|olof[1]o]o|0|0]| 0| tRNA® | Transition Herrnstadt ef al. (2002)
A5894G |0)0)|0)0)0)0|0|1]0)0 NC Transition Herrnstadt et al. {(2002)
C5911T |0 |0 |O0|O|O|O[1]|O|0O]fO CoOl Ala — Val Ingman ef al. (2000)
T6185C |(O0{O0 (|1 (0|0 |1 ]1]|1(1]0 Ccol Synonymous Ingman ef al. (2000)
T6221C (O0|(O(1(1t0/0|0|0|0OIO COl | Synonymous Marzuki ef a/. (1991)
AB266G |0 |0O|(O0|O|0Oft]O|1T|1]0 COl Synonymous Herrnstadt et al. (2002)
Ce587T [olO0|0(1]|]0|1]|0|0O|0]O COl | Synonymous Marzuki et al. (1991)
T6614C (0 |(O0(O0[0(1{0|0|0 |00 COl [Synonymous Not yet reported
ABBB3G [0 |O0(0|0|0O(0|O|D|O]1 COl lle — Val Scaglia st al. (2003)
C6713T (010 |O|(O|1|0|0O|0O|0O]|O Col Synonymous Herrnstadt et al. (2002)
ABBOBG |0|0|O|0J1|0|0|0O|O]O COl |Synonymous Not yet reported
T6815C |0|0|1]0j070j01111]0 Col Synonymous Mishmar et al. (2002)
ABB91G |0 |0|O0|O|0O|0O|O|1|0O|0D0 col Ser — Gly Tanaka ef al. (2004)
C7028T (1 i1 |1 |1 [(1]|1]|1[1]1]1 Ccol Synonymous Macaulay et a/. (1999)
A7146G |0 |0 |1 |0l0O(1({1]|111]0 COl Synonymous Polyak et al. {(1999)
T7175C (0 |110|(010 |0 [0|0O[0]1 COl Synonymous Silva ef al. (2002)
C7256T |O |1 (0O (1|1 [1|[1]1]1 COl |Synonymous Silva ef al. (2002)
C7274T (011 |0|0O|(0O|O|O[O]|O]|1 COIl Synenymous Silva et al. (2002)
T7283C (0|0 jO0|[O]JO[1[0|0[|1]0 COl [Synonymous Finnila et a/. {2001)
G7521A [0 [1|ojo[1[1[1]1]|1]1] tRNA* | Transition Silva et al. (2002)
T7624A (0|0 |0 |0O|1[0O|0O|0O|O]|O COll  [Synonymous Herrnstadt et al. (2002)
T7741C 1010 0}|1)0)|0;0]0)0)0 COll | Synonymous Coble et af. (2004)
A7771G (0|1 |0 |0 (0|0 |0|0O{0O |1 Ccoll Synonymous Coble et al. (2004)
Cc8080T |0|0{0|O(1/0]0[0|0}0O COIll | Synonymous Herrnstadt et al. (2002)
G8113A (0|0 (O |O(O(1fO(111]0 COll Gly — Glu Ruvolo et al. (1993)
G8152A (0|0 |0 |O(OQ|1|O|1]|1]|0 COH | Synonymous Ruvolo ef al. (1993)
AB8191G |0 (0|0 |0O|0|O|1]|0]0]|0 COIl |Synonymous| Maca-Meyer et al. (2001)
G8206A (O |t{0|0Q[1]0/0|0(0[1 CQil | Synonymous QOzawa st al. (1995)
G8251A |O0 |0 |o|O|Of1|0Of1(1]0 COll  [Synonymous Ruvolo ef al. (1993)
T8383C |0 (0 |0|0[(0|0|0|0]|1]0|ATPaseB |Synonymous Herrnstadt et al. (2002)
G8387A (0| 0]0|0{1/0]0]0]|0]|0/|ATPase8 |Synonymous Herrnstadt et al. (2002)
C8428T 10{010|0j0j0)1)|0)0)0)ATPase8 | Synonymous Moraes et al.(1993)
AB4BOG [0 |0 |1|0|0|0|0|(0 |0 |0 |ATPase8| Ash — Ser Ingman et al. (2000)
C8468T (0|0 (1|00 |1]|1]|1f1]0|ATPase8|Synonymous Moraes et al.(1993)
T8503C (0[O0 (0 {0O|1(0[0}|1]|0]|0|ATPase8 |Synonymous Not yet reported
AB566G (0|0 |0|0|0|0|1]|0|0|0]|ATPasesd |Synonymous Ingman et al. (2000)
AB566G (0 |(0{0|0{0{0]|1]0(0([0ATPase6| lle — Val Ingman et al. (2000)
A8577G |0 |0|1]|0]|0|0|0|0|0]|O0O|ATPaseb |Syncnymous Abu-Amera et al. (2004)
C8655T |00 |0|0|Q|1]|1]|1{1]0/]ATPase6|Synonymous Ingman et al. (2000)
AB701G [1 |1 [1[1[1]1{1]1[1]|1]|ATPase6| Thr— Arg Ozawa et al. {(1991a)
C8703T |0 |0|0|1|0|0|0O|0|0O|O0|ATPaseb |Synonymous Ingman et al. (2000)
G8790A [0{0(0)0)1(0)0)00 |0 |ATPaseb |Synonymous Taylor et al. (2003)
T8793C [0 |0(0]/0|0({0)/0|1|0]|0][ATPaseb |Synonymous Ozawa ef al. (1991b)
ABBBOG |1 (|1 |1]|1]|1]|1]|1]|1|[1]|1|ATPase8| Thr— Arg Andrews ef al. (1999)
90427 (0[O [1 (0|0 [1]1]1]1{0ATPase6 |Synonymous Ingman ef al. (2000)
T9111C [0 [0 [0]0[0[1([0|0|0|O0 |ATPased|Synonymous Herrnstadt et al. (2002)
A9221G |0 (1100 |1]/0J0(0]|0]|1 COlll  |Synonymous Silva et al. (2002)
GOY300A (O|OQ1O|1]0OJ010|0(0]|O COIlll | Synonymous Snejina ef al. (2003)
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A9327G |0|0j0|110|0|0]0|0|0]| COllI |Synonymous Coble et al. (2004)
A9347G (0 (0|1 |0|O0|1|1}[1[1|0| COIl |Synonymous Herrnstadt ef al. (2002)
A9350G (0|0 (0|0 |1(0|0|0|0O|0]| COIlIl |[Synonymous Not yet reported
A9377G |1]|0|0|0|0|O|O0|O|0O|0O]| COIl |Synonymous Ozawa et al. (1991)
Tos40C [(1t1 01 ({101 ({1 (1({1{111 COIlll | Synonymous Marzuki et al. (1991)
T9637G (0|00 |OfO|O|1|1[1][0] CON lle — Ser Not yet reported
G9755A (0|00 |0J0 |1 [1i1[1]0]| COIl |Synonymous Herrnstadt ef al. (2002)
co818T |0 (0|0 |O0|0|0Of1}{0|0|0| COIl |Synonymous Herrnstadt ef al. (2002)
T9833C (0|0 |0|O0O|0O|0O|O|1|0]|0| COIl |Synonymous Kong ef al. (2003)
T9950C |0|0|0|0|O|0|0O|1]|O0]|0| COIl |Synonymous Silva et al. (2003)
T10115C |0 (1|0 |0 (1|1]0)0 |0 |1 ND3 |Synonymous Silva et al. (2003)
G10143A (01 |0 |0 |O|0O(O0|O0|O0|Q ND3 Gly — Ser Prezant et al. (1993)
A10398G |1 (1|11 [1]|1]|1]|1]11]1 ND3 Thr — Ala Herrnstadt et al. (2002)
G1o589A (o |o0{ol0oJOl1({1{1({110| ND4L !|Synonymous Howell ef al. (1995)
C10664T |0 |0 |1[/0|0;111{1|1|0| ND4L |Synonymous Herrnstadt et al. (2002)
G10688C |0 (0 |0|0|O0O|1|1]|1]|1|0| ND4L |Synonymous ingman et al. (2000)
T10810C |0 | Q|0 OO |1 |1 [1|1]0 ND4 | Synonymous Finnila et al. (2001)
A10816G |1 [0 ([1|1]0C|0|0|0|100 ND4 | Synonymous Marzuki ef al. (1991)
T10873C (1|1 |1 [1 |1 |1 ]|1]|1}1}]1 ND4 |Synonymous Marzuki et al. (1991)
T10915C |0 (O (1 (0 (0Oi1|1|1]|1(0Q ND4 |Synonymous Ozawa et al. (1991a)
C10920T |O|(O|O0{O(O|(1]0}]0|0O|O ND4 Pro — Leu Ingman et al. (2000)
G11176A |0 |0 |10 |0 |1 (10|00 ND4 |Synonymous Herrnstadt et al. (2002)
T11260C {0'010j0j0j0|0|1j0]0 ND4 | Synonymous Herrnstadt et al. (2002)
Al1641G |0 |0 |1 |0|O|O|1]|0|0|O ND4 | Synonymous Ingman et al. (2000)
GUM719A (1 (1|1 [1]1]|1]|1[1j1]1 ND4 | Synonymous Silva et al. (2001)
G11914A (O (1 0[O0 O 1|1 |1]1][1 ND4 {Synonymous Silva et al. {2001)
T11944C (O [(1 |0 {0 |1;0;0}j0(|0(1 ND4 | Synonymous Ingman et al. (2000)
G12007A (O[O |O|O|O|1[1]|1]|1]|0 ND4 |[Synonymous Moraes et al. {1993)
T12121C (0 (O (O |O|O|1|0O|1|1]0 ND4 |Synonymous Mishmar et al. (2002)
G12127A (0[O0 |0 |0 (0O |O[1]|]0]|0 |0 ND4 |[Synonymous Herrnstadt ef al. (2002)
A12142G [0jo|o|o|o|o|o|[1]|0|0| tRNA™ | Transition Mouton (2003)
G12236A [ofolojol1]jololo]o]o]| tRNA*® | Transition Prezant et al. (1993)
C12348T |0 |00 |0O]0O|0|O[1]0]0 ND5 |[Synonymous Not yet reported
G12406A (1 (00 [(0Qj0{0|0j0|0]0 ND5 Val — lle Herrnstadt ef al. (2002)
C12436T |0 |0 |0 |0O|0O|1[(0]0O|0]|O ND5 His — Asn Not yet reported
A12693G (0|1 |0|0 0|0 |O[0O[O1 ND5 |Synonymous Silva et al. (2002)
C12705T |1 |1 (1|1 |1 |1]|1]1[1]1 ND3 |Synonymous Marzuki et al. (1991)
A12720G6 (0|01 |QGJO0|O|1]|1]1}0 ND5 |Synonymous Brown et al. (2001)
T12738C (0|00 |1]0|0)JO0O|0O(0]|O ND5 |Synonymous Mishmar et al. (2002)
C12798T |0 |0 |00 |0 |O[1[0O|0O]|O ND5 | Synonymous Not yet reported
A12948G (10|00 0 11101010010 ND5 | Synonymous Herrnstadt et a/. (2002)
A13105G |0 Q|1 |0f0O|1|1]|1]1]0 ND5 lle — Vval Prezant et al. (1993)
A13276G |0 |0/0 |00 1]1]1|1|0 ND5 Met — Val Ingman et al. (2000)
C13508T |0 |O (|1 (0|0 |1[1]|1]|1]|0 ND5 |[Synonymous Herrnstadt et al. (2002)
G13590A (0|1 ]|0(O[1|D|0O|O|O][1 ND5 |Synonymous Ozawa et al. (1995)
C13650T |0 (1 {10 |1 |1 |1 [1[1]1 ND5 |[Synonymous Silva ef al. (2002)
G13708A (00 (0O |(0O|O|O(O[O|O{1 ND5 Ala — Thr Torroni et al. (1998)
G13759A (0 J0|O|(OfOQ(1|0|1(1]0 ND5 Ala — Thr Rieder ef al. (1998)
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A13803G |0 |1(0[0]|0|JO(0O[|0]|0O]|1 NDS |Synonymous Silva et al. (2002)
A13%66G |0 |0 |0 |0 |1|0O|O|0O|O|O ND5 Thr — Ala Finnila et al. (2001)
A14007G |0 |0 |0 |0|0O|O|1|0]|0]|O ND5 |Synonymous Ingman et al. (2000)
A14059G (0|0 |O |0 |1[0Q|0O|0O]|O]|O ND5S lle -»Val Mishmar ef al. (2002)
At4152G {0({0f(111j01l0j0(010{0 NDE8 |[Synonymous Marzuki ef al. (1991)
A14176G |0 (1|0 |0 |0 |0 |0 |0 |O]|O ND6 |Synonymous Not yet reported
T14182C [0 {0 (1 |0|0 |0 |0 |O|0O|O ND6 |Synonymous Huoponen et al. (1993)
T14212C |10 (1 |(1]|0|0 |0 |0 |0 |0 ND6 |Synenymous Marzuki et al. (1991)
T14308C |00 (1 (0|0 |0 |1]|]0|0|0 ND6 |Synonymous Sudoyo et al. (2002)
C14315T {04J0 |0 |0 |0 |1 |[0O|O|1|0O ND6 Thr — lle Mouton (2003)
C14407T |00 |0 (0 (1]|0|0 (0[O0 ND6 |Synonymous Not yet reported
A14566G |0[1(0|0|0|0O|0D|0|0O]1 NDE& |Synonymous Silva et al. (2003)
C14659T (0|0 |0 |0 |0 |10 |0}[110 ND6 Leu — Phe Mouton (2003)
A14755G |0 (0 {1|0{Q|(0|0|0|0]O0 cytb | Synonymous Herrnstadt et a/. (2002)
C14766T (1|1 |1 |1 [1 {11111 cytb | Synonymous Andrews et al. (1999)
G14905A (1|0 |0 (0|0 |0 |0|0|0O]0 cytb | Synonymous Howell et al. (1995)
A14926G |0 |0 |1 |0 |0 |0 |0O|0O}0O]O cytb |Synonymous Crimi ef al. {2002)
G15110A (0 (0| Q[0 ]1]|0|0|0[(0O]|O cytb Ala — Thr Legros et al. (2001)
C15136T |0|0]0 |00 |0 |1]|0|0Q cytb | Synonymous ingman et al. (2000)
G15301A (1 |1{0(1]1]0(0[0[0]1 cyth | Synonymous Ozawa ef al. (19913a)
A15326G |1 |11 |11 [1]1[1]1]1 cytb Thr — Ala Andrews et al. {1999)
C16337T |0(0(0|CG|0}1;0]0|0|0O cytb |Synonymous Finnila ef al. (2001)
G15431A (0 (0|0 |(0|0|0|1]|0|0|0 cyt b Ala — Thr Ingman et al. (2000)
G16466A (0|0 (O |O0O|(O0 (1|0 |1|1]|0 cytb |[Synonymous Mishmar et al. (2002)
T15670C (OO0 |0 (1[0 |O0|0O|(0D[0O]0 cytb |Synonymous Valnot et al. (1999)
A15692G |0 (0|00 |O|(O|O|D|1]O cytb |Synonymous Not yet reported
C15735T |0 (1 |(0|O0jO|O|O]|O|O|O cytb Ala — Val Coble ef al. (2004)
T15784C (011 |0 |0Q[0O]JO|O[O|O]|1 cytb [Synonymous Herrnstadt et al. (2002)
T15792C |0 |0 |0 (0|0 |0|O|O|O |1 cyt b lle — Thr Finnila et al. (2001)
G15930A (0[O0 |0|0|O|1[0|1]|1]|0]| tRNA™ |Synonymous Mishmar ef al. (2002)
T15041C [0 (oo |00 |10 [1]1]0] tRNAT Synonymous Mishmar ef al. {2002)
T15942C |0]0}0|1]0|0]|0|0]0]0] tRNA™ |Synonymous Rose et al. (2001)
G16129A (0|0 |0 [0 1 11 (1[1[1]|0]| D-loop Transition Finnila et al. (2001)
C16148T |0 (00|00 0]1]0|0(0| D-loop Transition [Aquadro and Greenberg {1983)
C16168T |0 (0 (0|0 |0|(0J1]0|0(0| D-loop Transition | Di Rienzo and Wilson (1991)
T16172C (1|0 |00 [0 |0{1[0(0|0| D-loop Transition Greenberg et al. (1983)
C16176T |0 |0 |01 |0|0OjO|0O|0|0]| D-oop Transition Maca-Meyer ef al. (2001)

roaesc| 1]0|0]0fo|o]o[o]|o|0| Ddoop | Insertion | Horaiand Hayasaka (1990)
C16187T (0|0 |1 |0|0|*|1|1]|1]|0]| D-oop Transition Horai and Hayasaka (1990)
C16188G |0 |0 |(0|0[(0|0|1|0|0|0| D-loop |Transversion| Horai and Hayasaka (1990)
C16188A |0 (0 (1 |0]|0|0|0|0|0| 0| D-loop | Transition Horai and Hayasaka (1990)
T16189C |1 (1|1 |0|0|1|1|1:1]|0| D-loop Transition Horai and Hayasaka (1990)
G16213A (0|0 (0[O0 |1(0|0|0C|0]0| D-loop Transition Horai and Hayasaka (1990)
£16223T |1 |1 |1 |1]1]1|1|1|1]|1]| D-loop Transition Horai and Hayasaka (1990)
A16230G |0 |01 |0|(0{1i1{1]|0|0| D-loop Transition |Aquadro and Greenberg (1983)
C16234T 0|0 |0 |00 [0|0]|1]0|0} D-loop | Transition | Di Rienzo and Wilson (1991)
C16239T |0 |0 |1|0|0|1|0|0|1]|0; D-loop Transition Maca-Meyer ef al. (2001)
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T16243C |0({0 |0 (0|0 |1]0[1]11]0] D-loop Transition Horai and Hayasaka (1990)
C16266G |00 |0|0|0|0|0|1|0710]| D-loop |Transversion| Horaiand Hayasaka (1990)
C16278T |[0}j1|0|0|1|0(1[0]|0]1]| D-Hoop Transition Horai and Hayasaka (1590)
C16294T {0i1 |0 |0 |0 |1(0[0|1]|1| D-loop | Transition | DiRienzo and Wilson {1991)
A16300G (0111010 {0J010|0{0{1!] D-loop Transition Horai and Hayasaka (1990)
T16311C |00 |0 |0 |1 [1|1|1]1]0]| D-loop Transition Horai and Hayasaka (1990)
C16320T (1[0 |0|0|0|1|1]|]0]0]|0C]| D-loop | Transition Horai and Hayasaka {1990)
T16327C (0|00 |1]0|0 |G |0|0 |0} D-loop Transition Horai et al. (1993)
C16354T |0 |0 |0 |0 [1|0;0(0|0|0]| D-oop Transition Richards ef al. (2000)
G16390A (0 (1|00 ]|1]0|0|0|0|1| D-loop Transition Mishmar et al. (2002)
T16519C (1|0 |1 |00 |1]0[1[1]|0]| D-loop Transition |Aquadro and Greenberg (1983)

Nucleotide substitution format includes nucleotide present in the RCRS, followed by the nucleotide position and then by the nuclectide
detected. 1 = presence of alteration, 0 = absence of alteration. The format of insertions and deletions include the nucleotide position,
followed by an insertion or deletion event, followed by the nucleotide (s} inserted or deleted. ins = insertion. del = deletion. The RCRS was
utilised as the reference sequence (Andrews et al., 1999). Alterations in red = novel, alterations in blue = utilised fer haplogroup analysis.
NC = the non-coding regiaon between the tRNA tyrosine and cytochrome ¢ oxidase subunit genes. tRNA = transfer RNA. tRNA™™ tRNA",
tRNASY tRNA™ tRNA™M tRNA®", tRNA*P, tRNA™, tRNA® and tRNA™ = genes encoding tRNA leucine, isoleucine, glutamic acid,
tryptophan, alanine, cysteine, aspartic acid, histidine, serine and threonine. rRNA = ribosomal RNA. ND1, ND2, ND3, ND4L, ND4, ND5
and NDé& = genes encoding subunits 1, 2, 3, 4L, 4, 5 and 6 of the NADH dehydrogenase. COt, COIll and COIll = genes encoding subunits
I, It and Il of cytochrome ¢ oxidase. ATPase6 and ATPase8 = genes encoding subunits 6 and 8 of ATP synthase. cyt b = gene encoding
cytochrome b. lie = isoleucine, Thr = threcnine, Trp = tryptophan, Val = valine, Phe = phenylalanine, Ala = alanine, Gly = glycine,
Glu = glutamic acid, Ser = serine, Arg = arginine, Pro = proline, Met = methionine.
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APPENDIX B

DISTRIBUTION OF FRAGMENT TYPES UTILISED FOR
SEQUENCING

Fragments generated via the short PCR strategy were utilised as templates in specific
sequencing reactions. Regions of the mitochondrial genome that were not successfully
sequenced utilising long fragments, were sequenced via the short PCR strategy. The type

of fragment that was sequenced per individual is listed in Table B.1.

Table B.1: Fragments of individuals sequenced utilising short and long PCR
products

Individuals

Fragment
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| ey ] | ]

[<a]
| | e [
-l
—
— k| | |
— bk | b | [

32 T 1 e ; i

i

Fragment numbers correspond to the forward and reverse primer numbers utilised for amplification. 1 indicates that the fragment of a
specific individual was amplified via the fong PCR strategy. Grey coloured blocks indicate fragments sequenced utilising templates
generated via the short PCR strategy.
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APPENDIX C
ALTERATIONS CONTAINED IN SEQUENCE MOTIFS

Each combination of individuals that shared the same alteration was termed a motif.

Sequence motifs were compiled from alterations that were detected in more than one

individual in the current study. Only motifs that occurred more than once were considered.

The number of times a specific motif occurred, after all alterations were considered, was

counted, and is presented in Table C.1.

Table C.1: Alterations in specific motifs
'Individuals ° w E
E | 20 aien Own
Iglglgls|als|g|g|R|g|g| indvdualbs ey
Alteration o« < o o * il L ] ] o .- harbqurlng -g = g
ND [ IND [ IND [ IND [ IND [IND [IND [IND [ IND [IND | 8 | Motf(# |5 5
# | #2 | #3 | #4 | #5 | #6 |7 |48 | #9 | #0 | = 5
T6221C 0 0 1 1 0 o] e 0 0 0 i 34 5
A14152G 0 0 1 1 0 0| 0 0 0 0 34
G16129A 0 0 0 0 1 1 1 1 1 Q i 56789 2
T16311C 0 0 0 0 1 1 1 1 1 0 56789
A263G 1 1 1 1 1 0 1 0 0 - 1234570 2
A2706G 1 1 1 1 1 0 1 0 0 1 1234570
T2352C 1 0 1 1 0 0 0 0 0 0 134
A10819G 1 0 1 1 0 0 0 0 0 0 | iv 134 3
T14212C 1 0 1 1 0 0 0 0§ 0 0 134
G1018A 0 1 1 0 1 1 1 1 1 1 23567890
A4104G 0 1 1 0 1 1 1 1 1 1 | v | 23567890 3
C13650T 0 1 1 0 1 1 1 1 1 1 23567890
T36818C 0 0 0 0 0] 1 0 0 1 0 89
T7283C 0 0 0 0 0 1 0 |0 1 0 | i 69 4
C14315T 0 0 0 0 0 1 0 0 1 0 69
| C14659T 0 0 0 0 [ 0 1 0 [ 0 1 0 69
A2245G 0 0 1 0 | 0] 0 1 0 0t 0 37
T4586C 0 0 i 0] o0 0 1 0 0 0 | i 37 4
A11640G ol o 1 0 0 0 1 0 0 0 37
T14308C 0} 0 1 0 0 0 1 0 0 0 37
G769A 0 1 0 0 1 1 1 1 1 1 2567890
C3594T 0 1 0 0 1 i 1 1 1 1 | i 2567890 4
C7256T 0 1 0 0 1 1 1 1 1 1 2567890
G7521A 0 1 0 0 1 1 1 1 1 1 2567880
T2416C 0 1 0 0 1 0 0 0 0 1 250
G8206A 0 1 0 0 1 0 0 0 0 1 250
A9221G 0 1 0 0 1 0 0 0 0 1| i« 250 5
711944C 0 1 0 0 1 0 0 0 0 1 250
G13590A 0 1 0 0 1 0 0 0 0 1 250
G16390A 0 1 0 0 1 0 0 0 0 1 250




APPENDIX C

Table C.1: Continued...
"Individuals ® w E
£ - T O w
- © w - @ - o~ < o~ © o Individuals |s €«
Alteration | & | & | 8 | &8 | 8 | 3 | 8 | & | & | & | £ | harbouring E%‘g
IND | IND [ IND | IND | IND | IND | IND |IND | IND [IND | 8 | ™MW 155
#1 | #2 | #3 | #4 | #5 | #6 | #7 | #8 | #9 | #0 ©
C2789T 0 |10 0000|001 20
T7175C 0 | 1 0] o0]o 0o o]0 1 20
G7274C 0|10l o0lo0olo0fjo o] 071 20
A7771G 0 | 1]0]o0Jo]ololo][ 01 20 9
A12693G_ | 0 | 1 [ 0 | 0 [0 ] 0 [ 0] 00 1 |x 20
A13803G_| 0 | 1 | 0 |0 [ 04 00001 20
A14566G_| 0 | 1 | 0 | 0 [ 0 { 0 | 0 [ 0 [ O | 1 20
T15784C | 0 [ 1 | 0 | 0 | 0 | 0 | 0 1 0 | 0 | 1 20
A16309G | 0 | 1 | 0 1 0 | 0 1 0 | 0] 0] 0| 1 20
G2758A 0 lo]lololol+1 1111710 6789
T2885C 000 ]olol 11111 11]o 6789
C43127 0o [0 oo o1 1] 1[1]o 6789
C86557 0 o0 o lo |11 110 6789
GI755A 0 oo ool 11T [1TT07]., 6789 10
G10580A | 0 | 0 | 0 [ 0 | o0 [ 111710 6789
G10688C | 0 | 0 | 0 |0 J o0 | 111110 6789
T10810C_| 0 | 0 | 0 | 0 ] 0 | 1 | 11110 6789
G12007A | 0 1 0 | 0 | oo 111110 6789
A13276G | 0 | 0 [ 0 ] 0 | 0 | 1 ] 1] 1 1] 0 6789
G247A 0 lol1lo0olTol1[1T1T1]o0 36789
C1048T 0 o0l 1o o111 1o 36789
C3516A 0 0] 1]o0o o1 1110 36789
T6185C 0 |01 ]o o111 [1]o 36789
A7146G 0 ] 011 ]lolol 11110 36789
C8468T 0 011 0o lo (1 [ 1110 36789
C9042T 0 10110 lol 1111 [ 1[0 nxi 36789 13
A9347G 0 {0 1 ]o]o 1111 1o 36789
C10664T | 0 | 0 [ 1 | 0 | 0 [ 1 |1 [ 110 36789
T10915C_| 0 | © | 1 [ 0 |0 | 111110 36789
A13105G_| 0 | 0 [ 1 [0 [0 | 1 [ 1[1]1]0 36789
C13506T | 0 | 0 | 1 |0 |0 | 111110 36789
ce187T [ o | o Jo ol o[ 1] 1]1]1]o 36789
311315nsC | 1 | 1 | 1 | 1 | 1 | 1 1 1 1 11 1 [ 1 1234567890
A4769G [ T A O I O O O O O 1234567890
C7028C T[4 [ 1 [ 11111711 1234567890
AB701G (I O O A I O O T I 1234567890
ABB60G T4 [ [T [ [ 111111 1234567890
T9540C T[4 [ [T 11 [ 1113171 1234567890
A10398G_ | 1 | 1 | 1 [ 1 | % [ 1 [ 1 [ 1 1 1 [ 1§ xii[ 1234567890 | 13
T10873C_ | 1 [ 1 | 1 | 1 [ 1 [ 1 [ 1 [ 11171 1234567890
GUi7T19A | 1 | 1 [ 1 [ 1 [ 1 [+ 11 [ 1111 1234567890
C127057 | 1 | 1 [ 1 11 111111111113 1234567890
c14766T | 1 | 1 [ 1 [ 1 | 1 [ 1 (1] 111 1234567890
A15326G | 1 [ 1 | 1 1 1 [ 1111171111 1234567890
C16223T | 1 | 1 | 1 [ 1 [ 111111111 1234567890
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APPENDIX C

Table C.1: Continued...
Individuals o . E
E 2 - O wn
- © | w | o | = | & | ¢ | ~ o | « | Individuals |+ € w
Alteration S I 23| 8| 3| 81 &8 515 ,: harbouring -g-%‘g

el H g

IND | IND | IND | IND | IND | IND | IND [iND |IND [IND | & | ™) |5 5

B | #2 | #3 | #4 | 85 | #6 | #7 | #8 | #9 | #0 w
498delC 0 oo lo]|o]1]o][1]1]o 689
G719A 0 o] o]o]lo ]l 1|0 1][1]o0 689
TB25A 0 lo]lolo]o]1lol1][1]o0 689
A3756G o oo [o ] o[ +[0o 110 689
T4232C 0 Jo]o0o]o]lo]1]0][1[1]0 689
AB266G 0 oo ]olo 1101110 689
G8113A | 0 | 0 | 0 | 0 | 0 [ 1 ] 01110 689

G8152A_ | 0 | 0 [ 0 [ 0 | 0 | 1 [0 | 11 1[0 |xv 689 15
G8251G_| 0 | 0 |0l oo 11011110 689
T12121C_| 0 | 0 | 0 V0 | 0 | 1] 0 1][11]0 689
G13759A | 0 | 0 [ 0 | 06 [0 | 106110 689
G15466A | 0 | 0 [ 0 { 0 [0 [ 10110 689
G15930A | 0 | 0 [ 0 !0 | 0 [ 1|0 110 689
T15941C_| 0 | 0 | 0 | 0 | 0 [ 1] 0] 1] 1]o0 689
T16243C_| 0 1 0 | 0 |0 o0 110l 110 689

Nucleotide substitution format includes nucleotide present in the RCRS, followed by the nucleotide position and then by the nucleotide
detected. The format of insertions and deletions include the nucleotide position, followed by an insertion or deletion event, followed by
the nucleotide (s) inserted or deleted. ins = insertion. del = deiletion. The RCRS was utilised as the reference sequence (Andrews et al.,
1998). 1 = distribution of alterations between individuals, with 1 indicating the presence of the specific alteration, and 0 indicating the
absence of the alteration. 2 = individuals contained within a motif, with IND #1 = 921, IND #2 = 326, IND #3 = 995, IND #4 = 934,
IND #5 = 939, IND #6 = 941, IND #7 = 962, IND #8 = 964, IND #9 = 972 and IND #0 = 976. The 522insC and 523insA were excluded,
as both insertions together represent a single mutational event.

121





