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Abstract
Mitochondrial DNA (mtDNA) is a maternally inherited 16.6 kbp circular genome that codes for 13
subunits of the mitochondrial respiratory chain, 2 rRNAs and 22 tRNAs. The mutation rate in mtDNA
is high and therefore, mutations have accumulated sequentially to lineages that have diverged tens of
thousands of years ago. The neutral theory predicts that a proportion of these variations may be
slightly deleterious, associated with diseases and selected against, but the issue is still controversial.
This study reports an analysis of selection against mutations in mtDNA. First, the population
prevalence of one of the most pathogenic mtDNA mutations, the common MELAS mutation
(3243A>G), was determined in a population-based screening setting in Northern Ostrobothnia, and
the reproductive capacity, or genetic fitness, of women with the mutation was estimated in order to
measure for the first time the degree of host-level selection against this highly pathogenic mutation.
The frequency of 3243A>G was high, as the minimum estimate for the prevalence was 10.2/100,000,
and this together with the geographical distribution of maternal ancestors of the mutation carriers
suggested that nuclear genes may be involved in the population history of the mutation. Surprisingly,
the genetic fitness of mutation carriers was not reduced, suggesting that the average host-level
selection against carriers is not strong. Second, all available complete human mtDNA sequences
worldwide (N=847) were collected into a database and analysed for evidence to support the
hypothesis concerning slightly deleterious mutations and selective constraints imposed by lineagespecific interactions. 465 distinct missense and 6 nonsense mutations were identified. 48% of the
amino acid replacements changed the polarity, 44% hydropathy, 32% aliphaticity, 26% size, 13%
aromaticity, and 8% charge. Nonconservative amino acid replacements were found to be more
common among the evolutionarily recent mutations than among the older ones, and mutations that
have arisen more than once during human evolution showed different properties from the remaining
ones. The major continent-specific mtDNA lineages were analysed in terms of nucleotide diversity
indices, neutrality tests and nonsynonymous/synonymous rate ratios, and patterns suggesting
selective constraints possibly due to lineage-specific interactions were identified. Moreover, a general
correlation between nucleotide position and nucleotide polymorphism was identified in the mtDNA.
The results are compatible with the assumption that selection has a marked role in human mtDNA
evolution and that selective constraints may vary between populations, so that the pathogenic
potential of a given mutation may depend markedly on the presence of other, interacting mutations.

Keywords: genetic epidemiology, mitochondrial DNA, mitochondrial
encephalomyopathies, phylogenetic network, population genetics, selection
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1 Introduction
Mitochondria are intracellular organelles that are present in eukaryotic cells, and a
typical human cell has several hundred of these. They have a central role in cellular
energy metabolism and apoptosis, which is a particular form of programmed cell death.
Mitochondria are evolutionarily ancient, and it is assumed that their life as intracellular
endosymbionts started at the very beginning of the evolution of eukaryotes. They still
harbour their own DNA, however, known as mitochondrial DNA (mtDNA), and although
many of its genes have been transferred to the nucleus during the millions of years of coevolution, the mtDNA still codes for certain essential components of the mitochondrial
respiratory chain and protein synthesis apparatus.
The human mtDNA is a maternally inherited, circular 16.6 kbp molecule which is
present in several copies in each mitochondrion. The maternal inheritance and high
mutation rate have resulted in maternal lineages which have diverged thousands or tens
of thousands of years ago and accumulated mutations sequentially thereafter. While there
are many examples of pathogenic mtDNA mutations, there is also evidence that some
of the mtDNA variation that is observed in populations might be slightly deleterious,
that is, it might include susceptibility alleles for certain complex diseases. Mutations
in nuclear genes of the mitochondrial machinery can also be pathogenic, and both
the nuclear-encoded and mtDNA-encoded components of the mitochondria are very
probably connected by complex interactions with each other and with the environment,
so that such interactions impose structural and functional constraints on the genes.
Consequently, structural and functional constraints may vary between populations and
mtDNA genotypes, possibly explaining why the risks of certain traits appear to be higher
in some mtDNA lineages than in others.
The aims of this work were to study selective constraints against 3243A>G, a definitely
deleterious mtDNA mutation, in the population of Northern Ostrobothnia, and to find
evidence for slightly deleterious mutations and selective constraints imposed by lineagespecific interactions in a data set consisting of all available complete mtDNA sequences
worldwide.

2 Review of the literature
2.1 Mitochondria
2.1.1 Structure
The mitochondrion is a cytoplasmic organelle that is present in eukaryotic cells. A typical
human cell has several hundred of these. Mitochondria are 0.5–1 µm in size and are
bound by two membranes, the inner one of which forms tubular or lamellar structures
called cristae (Reichert & Neupert 2002, Riva et al. 2003). The space inside the inner
membrane, called the matrix, contains various enzymes, proteins, ribosomes, tRNAs and
mitochondrial DNA (mtDNA) molecules. Mitochondrial biogenesis is a complex process
producing about 20% of cellular protein, and the number of nuclear genes involved is
approximately 1000 (Scarpulla 2002, Goffart & Wiesner 2003). Nuclear-encoded intramitochondrial proteins are imported into mitochondria through membrane-bound channel
proteins (Muro et al. 2003, Truscott et al. 2003), the energy-generating apparatus being
located in the inner membrane and being partially encoded by the mtDNA. Mitochondria
are morphologically heterogeneous within cells (Collins & Bootman 2003). They can fuse
and form complex reticulations, and their morphology is under nuclear genetic control
(Capaldi et al. 2002, Santel et al. 2003). The location of mitochondria in the cytosol
is non-random. They can move, and they are transported in response to physiological
changes (Chada & Hollenbeck 2003)

2.1.2 Function
2.1.2.1 Respiratory chain
Mitochondria have a central role in cellular energy metabolism. The oxidative
phosphorylation system (OXPHOS system), which is the final common pathway
in the production of ATP (adenosine triphosphate) from glucose, is located in the
inner mitochondrial membrane and consists of five protein complexes. Complex
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I (NADH:quinone oxidoreductase, NADH dehydrogenase), the largest and least
understood, consists of at least 42 subunits (Saraste 1999), seven of which are encoded by
mtDNA (MTND1, MTND2, MTND3, MTND4, MTND4L, MTND5, and MTND6). It
is L-shaped and has two major domains that are separated by a thin collar (Guenebaut
et al. 1998), and it may exist in two distinct forms (Grivennikova et al. 2003). All
four subunits of Complex II (succinate-ubiquinone reductase) are encoded by nuclear
genes. Complex III (ubiquinol:ferrocytochrome c oxidoreductase, cytochrome bc1) has
one mtDNA-encoded subunit, cytochrome b (MTCYB), and Complex IV (cytochrome
c oxidase, COX) has three mtDNA-encoded subunits (MTCO1, MTCO2, and MTCO3),
whereas ten are encoded by nuclear DNA. Complex V (ATP synthase), the structure and
function of which are quite well known (Capaldi & Aggeler 2002), has two mtDNAencoded subunits, MTATP6 and MTATP8. The subunits of the respiratory chain are
transported into the inner membrane by a membrane insertion machinery (Stuart 2002),
and the precursor polypeptides are processed by peptidases (Gakh et al. 2002). Some
subunits of the respiratory complexes of mitochondria are of an ancient evolutionary
origin, as they have homologues in bacteria, for example (Baker et al. 1999, Mathiesen &
Hägerhäll 2002).

2.1.2.2 Other cellular functions
In addition to their function in respiration, the mitochondria have an important role
in apoptosis, which is a form of programmed cell death that is important in the
development and tissue homeostasis of multicellular organisms. Malfunctioning at any
level of the cellular apoptotic-signalling pathway is eventually translated into release
of apoptogenic factors from the mitochondrial intermembrane space, which results in
organized cell death. The role of mitochondria in the apoptotic pathway is complex and
not fully understood (Robertson & Orrenius 2002, van Gurp et al. 2003). Mitochondrial
energy production may also be linked to apoptosis. The respiratory chain produces
radical oxygen species (ROS), and its impairment increases this production (Pitkänen
& Robinson 1996, Barrientos & Moraes 1999, Adam-Vizi 2003). On the other hand, the
level of ROS production may influence the rate of apoptosis (Barrientos & Moraes 1999,
Chomyn & Attardi 2003). Mitochondrial factors that influence the regulation of apoptosis
may be important in determining susceptibility to certain diseases where apoptosis is
involved in the pathogenesis.
Mitochondria have a large capacity to accumulate and retain calcium (Chalmers
& Nicholls 2003), and this buffering capability is important in Ca2  signalling, the
regulation of metabolism, ATP production and other processes (Park et al. 2001),
including neurosecretion (Montero et al. 2002). An overload of the Ca2 buffering
capacity, ischaemia/reperfusion and oxidative stress can lead to the opening of the
mitochondrial permeability transition pore, and consequently to the mitochondrial
permeability transition (MPT), which is a common pathway to necrosis and apoptosis
(Kim et al. 2003).
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2.1.2.3 Role in ageing
Mitochondrial dysfunction and the accumulation of protein damage are thought to
contribute to ageing (Mandavilli et al. 2002, Rose et al. 2002). The biology of radical
oxygen species may be the main determinant of the life span, at least in some organisms
(Hekimi & Guarente 2003), but it is probably not the only mechanism relevant to ageing
(Lee et al. 2003). Somatic mutations accumulate in mtDNA during ageing (Bo et al. 2002,
Chinnery et al. 2002, Fayet et al. 2002, Lin et al. 2002), and the level of mtDNA decreases
(Welle et al. 2003). This may be due to diminished mtDNA repair activity (Chen et al.
2002). The average level of the accumulation of somatic mutations is not high, but it has
been suggested that the relatively few cells that have lost their oxidative phosphorylation
capacity may be toxic to the rest of the body (de Grey 2002). The accumulation of somatic
mutations with age may also be involved in the pathogenesis of certain diseases, such
as Parkinson’s disease (Gu et al. 2002, Tanaka et al. 2002). The role of mitochondria
in ageing is further supported by the observation that particular mtDNA haplogroups or
polymorphisms may be associated with successful ageing (Khaidakov et al. 2003, Niemi
et al. 2003). It has been suggested that the accumulation of somatic mutations and other
age-related processes takes place because there is no evolutionary selection against such
processes in multicellular organisms after the reproductive period (Hughes et al. 2002,
Martin 2002).

2.1.3 Evolutionary origin
It is generally assumed that the mitochondrion is a remnant of a prokaryotic bacterium
which became endosymbiotic with the eukaryotic cell soon after the advent of the first
eukaryotes. Alternatively, the fusion of an anaerobic archaebacterium with a respirationcapable proteobacterium may have been the event that initiated the evolution of eukaryotes
(Roger et al. 1998, Vellai et al. 1998, Vellai & Vida 1999, Gray et al. 2001, Simpson &
Roger 2002, Amiri et al. 2003, Emelyanov 2003). Various forms of mitochondria-like
organelles with different functional properties exist in diverse eukaryotic organisms, e.g.
anaerobic mitochondria and hydrogenosomes, and these share common ancestry with the
mitochondria (Dyall et al. 2000, Tielens et al. 2002). Mitochondria have co-evolved
with their host organisms, and during this process many genes that have presumably
been present in the original endosymbiont have been transferred to the nuclear DNA of
the eukaryotic cell. Such copies of mtDNA genes (numts) have also been identified in
humans. They are usually nonfunctional pseudogenes, but it has been suggested that some
numts might even be functional (Tourmen et al. 2002, Woischnik & Moraes 2002). The
transfer of mtDNA to nuclear DNA seems to be an ongoing process, as de novo transfer
of mtDNA to nuclear DNA has been shown to cause a genetic disease by introducing a
premature stop codon within a functional nuclear gene (Turner et al. 2003). If the transfer
from mtDNA to nuclear DNA is such a common process, there are probably important
functional reasons why the 13 mtDNA-encoded proteins and other mtDNA genes are still
encoded by mtDNA. Such reasons may be related to restrictions on protein import into
mitochondria, for instance.
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2.1.4 Mitochondrial DNA
2.1.4.1 Genome organization
The long co-evolution of mitochondria and their host organisms has resulted in different
organizations of the mtDNA in the major eukaryotic kingdoms. In animals the mtDNAs
are typically small (approximately 16 kbp), circular molecules that encode 37 or fewer
tightly packed genes, but even the closest unicellular relatives of animals have highly
different genome organizations (Burger et al. 2003). The mitochondrial DNA in mammals
is organized into protein-rich structures within mitochondria (nucleoids), which may also
be the units of mtDNA inheritance (Garrido et al. 2003), and mitochondrial transcription
factor A (TFAM) seems to be at least one of the proteins that are involved in the packaging
of mtDNA (Alam et al. 2003). The human mtDNA is a circular, double-stranded DNA
molecule (Anderson et al. 1981) that is present in 2–10 copies in each mitochondrion. It
is typically 16,568 bp in length, but the total number of bases varies slightly depending
on the presence of insertions/deletions and the lengths of certain highly variable tandem
repeats. The mtDNA molecule has two strands, a guanine-rich heavy strand (H) and
cytosine-rich light strand (L), and it codes for 13 proteins, 22 tRNAs and 2 rRNAs.
Most genes are transcribed from the H-strand, but one subunit of Complex I (MTND6)
and eight tRNAs are transcribed from the L-strand. MtDNA has no introns, and with
the exception of a few noncoding nucleotides between some genes, the only noncoding
region in mtDNA is the displacement loop (D-loop), a region of 1121 bp which contains
the promoters for L and H-strand transcription and the origin of replication of the Hstrand (Figure 1). The transcription of both strands is directed by the promoters in the
D-loop, and almost the entire length of both strands is used to produce polycistronic RNA
transcripts, which are subsequently cleaved to produce tRNAs, rRNAs and mRNAs. The
transcription and translation of mtDNA are controlled by nuclear genes (Falkenberg et al.
2002, Shoubridge 2002, Casas et al. 2003, Rodeheffer 2003). It appears, however, that
the nuclear transcription of the respiratory chain subunits may not be coordinated with the
transcription of mtDNA-encoded subunits (Duborjal et al. 2002).
The genetic code of mtDNA has evolved to become different from that of nuclear
DNA, and furthermore, there are several variations of the mtDNA genetic code (Barrell
et al. 1979, Knight et al. 2001). In mammalian mtDNA, UGA codes for tryptophan
instead of termination, AUA codes for methionine instead of isoleucine, AGA and AGG
are terminators instead of coding for arginine, and AUA or AUU is sometimes used as
an initiation codon instead of AUG. These differences make the protein-coding genes of
mtDNA unintelligible to the nucleocytosolic system, except for the MTND4L gene which
does not contain any UGA, AGA or AGG codons.

2.1.4.2 Relaxed replication
The widely accepted hypothesis of mtDNA replication states that the mtDNA is replicated
from two origins (Figure 1) and that the replication is bidirectional and asynchronous
(Clayton 1982). Replication is initiated at the heavy strand replication origin using a short
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Fig. 1. The human mitochondrial DNA genome. Genes that are transcribed from the Hstrand and L-strand are shown outside and inside the circle, respectively. The locations
of the common MELAS (3243A>G), MERRF (8344A>G) and NARP (8993T>C, 8993T>G)
mutations are also shown.

RNA primer which is transcribed from the L-strand. H-strand synthesis proceeds until the
L-strand origin is exposed, which results in the initiation of L-strand synthesis. At the final
stages of replication the primers are removed and the completed DNA circles are ligated.
It has been suggested recently, however, that mammalian mitochondrial DNA replication
proceeds mainly, or exclusively, by a strand-coupled mechanism and that ribonucleotides
are incorporated on the L-strand during the process (Yang et al. 2002, Cerritelli et al.
2003), implying that the replication process may in fact be more complex than previously
assumed.
The replication is relaxed in the sense that it can take place in any phase of cell
division, but its regulation is under nuclear genetic control (Capps et al. 2003). The
probability of replication increases in the vicinity of the nucleus, and TFAM is involved
in its regulation, because it is required for the initiation of replication and also seems to
control the maintenance level of mtDNA (Larsson et al. 1998). The relaxed replication
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of mtDNA leads to clonally expanding mtDNA lineages within body organs and tissues,
lineages that may differ because of somatic mutations (Khrapko et al. 2003). The mtDNA
molecules within a multicellular organism form a large population which has evolved
from a small number of founder molecules and which is also subject to other populationgenetic phenomena such as mutation, drift and selection (Jenuth et al. 1997). It is only
the population of mtDNAs in the germ line cells that contributes to the future generations
of the organism, however.

2.1.4.3 Maternal inheritance
The mtDNA in mammals is maternally inherited (Giles et al. 1980). The number of
mtDNA molecules in oocytes exceeds 100,000, whereas sperm contains only 100–1500
mtDNAs (Chen et al. 1995a, Manfredi et al. 1997, Diez-Sanchez et al. 2003). Paternal
mitochondria enter the oocyte, but they are promptly removed, possibly by ubiquitindependent proteolysis (Manfredi et al. 1997, Sutovsky et al. 2000). The presence of
paternal mtDNA has been observed in abnormal embryos in association with certain in
vitro fertilization techniques (John et al. 2000), but no paternal mtDNA has been found
in children born after intracytoplasmic sperm injection (ICSI), suggesting that paternal
mtDNA is normally removed successfully even when introduced into the oocyte by this
method (Marchington et al. 2002). It is possible, however, that the mechanism responsible
for the elimination of paternal mtDNA may fail occasionally, potentially leading to
maternal/paternal mtDNA mosaicism in an individual (Schwartz & Vissing 2002).
The number of mtDNA molecules within a cell experiences radical changes during
the development of the oocytes, resulting in the sampling of only a small proportion
of mtDNAs and subsequent replication of the sampled molecules. This phenomenon
is called the mitochondrial “bottleneck” and its most likely purpose is to lower the
probability of new mutations in mtDNA being allowed to pass on along the germ line
(Jenuth et al. 1996, Jansen & de Boer 1998, Marchington et al. 1998). Furthermore,
it is possible that the partitioning of mitochondria into daughter cells by cell division
is non-random and that developing oocytes may contain mechanisms that favour the
segregation of highly functional organelles (Cox & Spradling 2003). Consistent with
this hypothesis, there is evidence that the segregation of mtDNA is under nuclear genetic
control (Battersby et al. 2003). Errors in such mechanisms could result in a “leakage” of
pathogenic mutations into the germ line from individuals who harbour mutations in the
associated nuclear genes.

2.1.4.4 Lack of recombination
Recombination due to crossing-over between the loci (breakage and reunion during
meiosis) is common in nuclear DNA and leads to the formation of new combinations of
genes that are different from that of either of the parents. This mechanism accelerates
the elimination of deleterious mutations and the incorporation of beneficial alleles in
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organisms that reproduce sexually (Butlin 2002, Bachtrog 2003), but mtDNA seems to
lack this benefit because of its clonal inheritance. Paternal mitochondria nevertheless
enter the oocyte during fertilization, and it is theoretically possible that paternal mtDNA
may somehow end up in the vicinity of a maternal mtDNA molecule and that the
molecules could recombine by crossing-over. This would result in partial mixing of
sequences between mtDNA lineages. Considerable efforts to find evidence for mtDNA
recombination in humans have not been successful (Merriweather & Kaestle 1999, Morris
& Lightowlers 2000, Elson et al. 2001, Innan & Nordborg 2002), and it is likely that
recombination in human mtDNA is very rare, if it has occurred at all.

2.1.4.5 High mutation rate
The mutation rate in mtDNA is at least 10-fold relative to that in nuclear DNA, and
consequently mtDNA evolves rapidly (Brown et al. 1979, Wallace et al. 1987). In
addition to environmental factors common to nuclear DNA, such as radiation (Forster
et al. 2002), mtDNA is susceptible to oxidative damage by reactive oxygen species (ROS),
because it is physically near the oxidative phosphorylation system which generates these
highly active molecules. It has been suggested that exposure to oxygen radicals may
lead to gene-specific substitution rates (Nedbal & Flynn 1998, Williams & Hurst 2002).
Furthermore, it has been assumed that mtDNA lacks effective DNA repair mechanisms,
although recent studies have indicated that at least some repair activity exists but it may be
less well developed than in nuclear DNA (Croteau et al. 1999, Kang & Hamasaki 2002,
Mason et al. 2003). The role of possible changes in repair activity with age is not well
understood (Chen et al. 2002, Stevnsner et al. 2002). Moreover, at least some mutations
may be explained by context-specific transient failures of the mtDNA replication system
(Malyarchuk et al. 2002), and it is plausible that mutations in any nuclear genes that
code for components of replication or repair systems may expose some individuals to the
development of mtDNA errors.
Interestingly, the mutation rate estimated from pedigree analyses is considerably higher
than that estimated from phylogenetic studies (Parsons et al. 1997, Heyer et al. 2001,
Howell et al. 2003c), suggesting that a large proportion of mutations that are observed in
pedigrees are removed by selection before they can be observed as fixed polymorphisms
in phylogenetic studies.

2.2 Mitochondrial DNA variation in human populations
The evolutionary relationships between species can be inferred from comparisons and
phylogenetic reconstructions of DNA sequences, and mtDNA has been used extensively
for this purpose because of its high mutation rate, maternal inheritance and lack of
recombination. The evolutionary orders of mammals (Arnason et al. 2002) and the
divergence times of humans and other primates (Glazko & Nei 2003) have been studied
using mtDNA, for example, and similar studies have also been carried out to assess
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the evolution of different human populations (Richards et al. 2000, Cavalli-Sforza &
Feldman 2003). Molecular genetic analyses of the haploid Y chromosome have provided
information on the evolution of paternal lineages and on the differences between maternal
and paternal lineages (Lell & Wallace 2000, Ke et al. 2001, Helgason et al. 2003).
Evolutionary mtDNA, Y-chromosomal, and autosomal analyses have generally confirmed
the “out of Africa” hypothesis, and human mtDNA lineages form a single, monophyletic
phylogenetic tree which is rooted in Africa (Johnson et al. 1983, Ingman et al. 2000,
Jorde et al. 2000, Caramelli et al. 2003). The high mutation rate has resulted in the
sequential accumulation of a large number of nucleotide substitutions in mtDNA lineages
that have diverged on the same time scale as human populations have colonized the
different geographical regions of the world. These mutations are often assumed to be
neutral and to have evolved mostly by genetic drift, but evidence is now accumulating
that selection may have had a significant role during human mtDNA evolution (Mishmar
et al. 2003).

2.2.1 Mitochondrial DNA haplogroups
The initial analyses of human mtDNA lineages were based on sequence variation in the Dloop, in particular in the two hypervariable segments HVS-I and HVS-II (Richards et al.
1996, Wilkinson-Herbots et al. 1996), and on restriction fragment length polymorphism
(RFLP) analyses of the entire genome, allowing screening of 15-20% of the mtDNA
sequence for variations (Chen et al. 1995b). For these historical reasons, the major human
mtDNA lineages have been classified into haplogroups according to the information
provided by RFLPs and the sequence of the hypervariable regions in the D-loop. The
principal clusters have been denoted with capital letters, with additional letters or numbers
used to denote lineages within the principal clusters (Torroni et al. 1996). More recently,
phylogenetic reconstruction of the human mtDNA using complete mtDNA sequences has
allowed haplogroups to be defined by individual nucleotide substitutions, which provides
the highest possible level of accuracy (Ingman et al. 2000, Finnilä et al. 2001, MacaMeyer et al. 2001, Herrnstadt et al. 2002a, Mishmar et al. 2003).

2.2.1.1 Continent-specific mtDNA lineages
Analyses of the distribution of the major mtDNA haplogroups in different continents
and phylogenetic analyses have facilitated reconstruction of the human mtDNA dispersal
out of Africa during evolution (Figure 2). Haplogroup L, which is prominent in Africa,
comprising about 3/4 of all African mtDNAs, is the oldest of the human mtDNA lineages
(Wallace et al. 1999, Ingman et al. 2000), and closest to the most recent common
ancestor of all human populations (“the mitochondrial Eve”), who presumably lived in
central Africa approximately 130,000–200,000 years before present (YBP). Haplogroup
L is further divided into several sublineages (L0, L1, L2, and L3). Two macrolineages
(M and N) diverged from L, presumably in northeastern Africa or in the Middle East,
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Fig. 2. Human mtDNA migrations. YBP, years before present. Capital letters indicate the
major mtDNA haplogroups.

approximately 65,000 years ago, and the European haplogroups H, I, J, K, T, U, V, W,
and X (Torroni et al. 1996) were subsequently derived primarily from macrolineage
N, whereas M and N contributed equally to the radiation of mtDNA into the Asianspecific haplogroups A, C, D, G, Z, and Y. The American continent was populated from
northeastern Asia through the Bering land bridge by humans with haplogroups A, C, and
D (Derbeneva et al. 2002, Silva et al. 2002), whereas haplogroup B may have arrived
later and via a coastal route (Starikovskaya et al. 1998, Mishmar et al. 2003). Thus,
all the major continents were inhabited and the haplogroups had achieved their present
geographical distribution some 35,000–15,000 YBP, although demographic shifts have
also occurred since then (Bandelt et al. 2001, Salas et al. 2002).

2.2.1.2 Finnish mtDNA lineages
The oldest archaeological evidence of Finnish settlement dates back approximately
10,000 years, suggesting that Finland was settled as soon as the last of the seven
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major ice ages ended, but the origin of these people is unknown. The Combed Ware
culture arrived 5000–6000 years ago, followed by the Corded Ware (Battle-Axe) culture
about 1000 years later, but it is not known for certain to what extent these cultural
changes represented population immigrations. Nevertheless, later immigrations have
been genetically fairly insignificant (Norio 2003b). Southern Finland and the coast and
river valleys of Ostrobothnia were permanently inhabited by the 16th century, and the
remaining parts of the country were settled soon after. The Finnish population has been
subject to cultural and geographical isolation, and it has evolved from a relatively small
group of founders, which has resulted in “the Finnish Disease Heritage”, an enrichment
of certain genetic diseases which are rare elsewhere, while other genetic diseases are rare
in Finland (Norio 2003a).
Studies on Finnish mtDNA variation have revealed a western European pattern of
polymorphisms (Vilkki et al. 1988, Sajantila et al. 1996, Torroni et al. 1996), suggesting
a close relationship between the Finns and other Europeans. The frequencies of the
European haplogroup clusters are similar to those in other European populations, the
most common haplogroups being H, U, J, and T (Torroni et al. 1996, Finnilä et al. 2001).
There are geographical differences in the frequencies of individual haplogroups, however
(Torroni et al. 1996, Meinilä et al. 2001), and some ethnic groups such as the Saami
appear to have been originally sharply differentiated but to have subsequently mixed with
the remaining population (Sajantila et al. 1995, Lahermo et al. 1996, Meinilä et al. 2001).
Analyses of Y chromosomal variation have provided similar results regarding the Saami
(Lahermo et al. 1999, Raitio et al. 2001). The mitochondrial haplogroup Z represents an
Asian contribution to the Finnish mtDNA pool and is present at a low frequency among
the Finns, but the frequency of the Asian-specific Y chromosomal haplotypes is higher.
One explanation for this discrepancy is that the Y chromosome and the mtDNA may have
been subject to differential drifting (Meinilä et al. 2001).

2.3 Mitochondrial disorders
2.3.1 Point mutations in mtDNA
Nucleotide substitutions in mtDNA are maternally inherited, and many pathogenic
point mutations are heteroplasmic, i.e. wild-type and mutant mtDNA molecules are
both present in mitochondria and in cells in varying proportions. A clinical disease
ensues when the proportion of mutant mtDNA exceeds a certain threshold at which the
deleterious consequences of the mutation are no longer compensated for by the wild-type
mtDNA (Rossignol et al. 2003). Point mutations in mtDNA occur in all genes, and their
consequences may depend on the changes they impose on the products of the respective
genes, the tissue distribution of the mutation, the relative reliance of tissues on ATP
production, other mtDNA polymorphisms (Lamminen et al. 1997, Howell et al. 2003a),
tissue-specific (Bykhovskaya et al. 2000) and developmentally regulated (Sasarman et al.
2002) nuclear-encoded factors that interact with the mtDNA gene products, and on
environmental factors (Estivill et al. 1998). The intramitochondrial, intracellular and
intercellular environments as such constitute a playground of complex interactions, and
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it is therefore no surprise that the pathomechanisms of mtDNA point mutations are still
not very well understood. The pathogenicity of a particular allele can be inferred from
certain properties, however. First, heteroplasmy may indicate that the mutation is faced
with intracellular selective pressure, although neutral mutations may sometimes show
heteroplasmy as well. Second, pathogenic mutations face strong negative selection on
an evolutionary time-scale, and they are therefore evolutionarily recent and not observed
as fixed polymorphisms within haplogroups (Abe et al. 1998, Hutchin et al. 2001, Howell
et al. 2003b, Torroni et al. 2003). Third, sequence positions that are functionally important
are conserved between species, again suggesting the role of selection against deleterious
alleles. Fourth, it may be possible to infer the pathogenicity of a mutation from its
consequences for the properties or structure of the respective gene product, e.g. from the
physicochemical properties of amino acids involved in a missense mutation. And finally,
the genotype-phenotype correlations are sometimes so strong that they do not leave much
doubt as to the pathogenicity of the mutation. At least 100 such deleterious mtDNA point
mutations have been identified so far (DiMauro & Schon 2001), the most frequent ones
being the 3243A>G “MELAS” mutation, the LHON primary mutations, the 8344A>G
“MERRF” mutation, and the 8993T>G “NARP” mutation. Furthermore, there appears
to be a class of slightly deleterious mutations that modify the risks of contracting certain
complex diseases or traits.

2.3.1.1 Mitochondrial encephalomyopathy with lactic acidosis and
stroke-like episodes (MELAS)
The classic clinical features of the MELAS syndrome were described in 1984 (Pavlakis
et al. 1984), but the molecular aetiology was not revealed until 1990, when the
3243A>G transition in the MTTL1 transfer RNA gene was discovered by two Japanese
groups (Goto et al. 1990, Kobayashi et al. 1990). Several other mutations causing
this syndrome have also been identified, but 3243A>G is by far the most common,
occurring in approximately 80% of MELAS patients. The classic MELAS syndrome
includes myopathy, encephalopathy, stroke-like episodes and lactic acidosis, but not all
patients harbouring 3243A>G develop these symptoms (Hammans et al. 1995). Other
typical symptoms include sensorineural hearing impairment (Uimonen et al. 2001),
diabetes mellitus (Guillausseau et al. 2001, Choo-Kang et al. 2002, Maassen 2002),
hypertrophic cardiomyopathy, ataxia, basal ganglia calcifications, ophthalmoplegia and
neuropathy (Kärppä et al. 2003), which may occur alone, without any other symptoms,
and some patients may be asymptomatic. Such phenotypic variability is at least partly
attributed to variation in the degree of mutation heteroplasmy between individuals
and between different tissues, accompanied by biochemical threshold effects. The
pathogenetic mechanism of 3243A>G remains unclear. The mutation alters a conserved
dihydrouridine stem in MTTL1, and this may alter the functional stability of the
tRNA molecule. The clinical features, rate of protein synthesis and activity of the
respiratory chain do not correlate well, however, suggesting that other mechanisms are
probably also involved. The 3243A>G mutation lies within the binding site for mTERF,
which promotes termination of translation at the MTRNR2/MTTL1 gene boundary, and
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precursor RNA corresponding to a contiguous transcript of the MTRNR2, MTTL1, and
MTND1 genes has been observed in cytoplasmic hybrid cell lines (cybrids) harbouring
the 3243A>G mutation (Koga et al. 1995). Other mutations in MTTL1 (such as 3271T>C)
which are not within the mTERF binding site can cause clinically indistinguishable
phenotypes, however. This discrepancy may be explained by an associated defect in posttranscriptional modifications of the tRNA molecule (Yasukawa et al. 2000). Despite the
similar phenotype, the 3243A>G seems to cause an aminoacylation defect which could
interfere with protein synthesis (Chomyn et al. 2000), while 3271T>C does not affect
aminoacylation efficiency (Park et al. 2003). The 3243A>G mutation is clinically one of
the most common pathogenic mtDNA mutations, but population-based studies regarding
its epidemiology have been lacking, with the exception of the North East of England
where the minimum estimate for its prevalence is 0.95/100,000 (Chinnery et al. 2000).
Furthermore, it is not associated with any particular mtDNA haplogroup, and haplotype
analyses suggest that in most instances the mutation has arisen recently, implying that it is
subject to strong negative selection (Torroni et al. 2003). An apparent de novo occurrence
of the mutation has also been observed (Maassen et al. 2002).

2.3.1.2 Leber’s hereditary optic neuropathy (LHON)
LHON is an enigmatic disorder that manifests itself in mid-life in the form of acute or
subacute central vision loss, leading to central scotoma and blindness (Man et al. 2002).
It is relatively common with a minimum point prevalence of 3.22/100,000 in the North
East of England (Man et al. 2003). The mean age at onset varies from 27 to 34 years,
and the eyes can be affected simultaneously or sequentially, with an average interval of
two months. The severity and final outcome of the visual impairment varies considerably.
Ancillary symptoms are usually mild, but a severe neurological disease is also possible.
The risk of blindness is considerably higher in males than in females. At least 18 allelic
variants of mtDNA have been associated with LHON, most of these being in the genes
coding for Complex I subunits, and these mutations are assumed to act autonomously or in
association with each other to cause the disease. Four mutations, 3460G>A, 11778G>A,
14459G>A, and 14484T>C appear to have the highest pathogenic potential, and are
therefore called “primary” mutations, whereas the remaining “secondary” mutations are
generally assumed to interact with the primary ones to increase the probability of clinical
disease. The biochemical defect in LHON is probably related to a deficiency in Complex
I caused by structural changes in the subunits (Qi et al. 2003), and the subsequent
pathomechanism may involve increased ROS production (Wong et al. 2002), apoptosis
(Danielson et al. 2002, Ghelli et al. 2003), or both. The highly tissue-specific phenotype
might be explained by hypothetical neuron-specific alterations in Complex I structure
(Wong et al. 2002). No attempt has apparently yet been made to examine whether the
male bias in penetrance can be explained by the finding that the expression of antioxidant
genes is higher in females than in males and consequently the amount of oxidative damage
is lower (Borras et al. 2003).
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2.3.1.3 MERRF
MERRF (myoclonic epilepsy associated with ragged-red fibres) can be produced by
mutations in at least two tRNA genes, MTTK (Shoffner et al. 1990) and MTTL1 (Moraes
et al. 1993). The maternally inherited heteroplasmic 8344A>G transition, which accounts
for 80–90% of cases (Shoffner & Wallace 1992), produces multiple deficiencies in the
enzyme complexes of the respiratory chain consistent with a general defect in translation
(Bindoff et al. 1991). Its population prevalence has been estimated to be approximately
one-fourth of the prevalence of the 3243A>G mutation or the various LHON mutations
(Chinnery et al. 2000, Remes et al. 2003) The biochemical defect is often segmental,
suggesting a non-random distribution of mutant and wild-type mtDNAs within muscle
cells (Matsuoka et al. 1991).

2.3.1.4 NARP
NARP (neuropathy, ataxia and retinitis pigmentosa) and some cases of the Leigh
syndrome (subacute necrotizing encephalomyopathy) result from missense 8993T>C or
8993T>G mutations in the MTATP6 gene (Holt et al. 1990), which introduce an incorrect
amino acid into a highly conserved position in the hydrophobic sequence of the ATPase
6 subunit. This apparently induces a structural defect in ATP synthase that causes
impairment of ATP synthesis and increased ROS production (Carelli et al. 2002), which
leads to the clinical symptoms.

2.3.1.5 Interactions and slightly deleterious mutations
Distinct mtDNA mutations may act synergistically to modulate disease expression
(Lamminen et al. 1997, Rahman et al. 1999, Brown et al. 2002, Howell et al. 2002,
Sudoyo et al. 2002). Furthermore, there are also interactions between nuclear genes and
environmental factors, which modulate the severity of hearing loss that is associated with
the mitochondrial 1555A>G mutation, for example (Abe et al. 2001, Guan et al. 2001).
MtDNA variants are thought to be associated with susceptibility to several disorders,
including hypertension (Watson et al. 2001), Parkinson’s disease (Tanaka 2002, Walt
et al. 2003), Alzheimer’s disease (Chagnon et al. 1999, Carrieri et al. 2001, Cottrell et al.
2001), fasting insulin levels (Poulton et al. 2002) or glucose (Kim et al. 2002), ageing
(Tanaka 2002), sudden infant death syndrome (Opdal et al. 2002), bipolar disorder (Kato
et al. 2000) and unsuccessful outcome of pregnancy at a high altitude (Myres et al. 2000).
While the nature of such associations is not yet clear, it is possible that mtDNA variants
may modify susceptibility to disorders in which the mitochondria are somehow involved
in the pathogenesis, e.g. by apoptosis or calcium regulation.

27

2.3.2 Rearrangements of mtDNA
Numerous deletions, duplications and insertions have been observed in mtDNA, and
these cause various syndromes which generally affect post-mitotic tissues such as
the central nervous system, muscles, and heart. The most frequent deletion is the
“Common deletion”, which spans 4977 bps between nucleotide positions 8469–13466.
The breakpoints are mostly associated with repeat sequences, suggesting that the
rearrangements probably result from transient failures of the mtDNA replication system
(Rocher et al. 2002). Large deletions generally remove at least one tRNA gene, and are
therefore likely to cause a translational defect and dysfunction of the respiratory chain
(Gellerich et al. 2002). The most important clinical syndromes caused by large-scale
mtDNA deletions are Kearns-Sayre syndrome (KSS), Pearson syndrome and chronic
progressive external ophthalmoplegia (CPEO). KSS is characterized by pigmentary
retinopathy, progressive external ophthalmoplegia and onset before the age of 20 years.
The Pearson bone marrow-pancreas syndrome occurs in early infancy and is characterized
by anaemia, pancytopaenia and exocrine insufficiency of the pancreas. Surviving patients
may later develop features of KSS. The clinical features of CPEO include ptosis,
ophthalmoplegia, exercise intolerance and proximal muscle wasting and weakness. Single
mtDNA deletions are almost invariably sporadic, but it is possible that they may also be
transmitted through the germ line in rare cases (Shanske et al. 2002). Multiple deletions
have been observed in several syndromes, and these appear to result from mutations in
nuclear genes (Vissing et al. 2002, Agostino et al. 2003).

2.3.3 Mutations in nuclear genes
The great majority of components of the mitochondrial respiratory chain complexes,
proteins involved in the assembly and the maintenance of these complexes, the
mitochondrial protein import machinery and the mtDNA replication and error-correction
systems are encoded by nuclear DNA, and errors in these genes can cause diseases. In
fact the majority of cases with a respiratory chain deficiency may result from errors
in nuclear-encoded subunits of the OXPHOS system (Triepels et al. 2001). Isolated
Complex I deficiency with recessive inheritance can result from a mutation in several
genes, including NDUFV1 (Schuelke et al. 1999), NDUFV2 (Benit et al. 2003), NDUFS1
(Benit et al. 2001), NDUFS2 (Loeffen et al. 2001), NDUFS4 (van den Heuvel et al.
1998), NDUFS7 (Smeitink & van den Heuvel 1999) and NDUFS8 (Loeffen et al. 1998).
The Complex II subunits SDHA (Bourgeron et al. 1995), SDHB (Astuti et al. 2001),
SDHC (Niemann & Muller 2000), and SDHD (Baysal et al. 2000) have also been
found to carry pathogenic mutations, and mutations in BCS1L, which is involved in
the assembly of Complex III, have caused Complex III deficiency (de Lonlay et al.
2001). Complex IV deficiency can be caused by mutations in the SURF1 (Zhu et al.
1998), SCO2 (Papadopoulou et al. 1999), COX10 (Valnot et al. 2000b) and SCO1
(Valnot et al. 2000a) genes involved in the assembly of this enzyme. Gene defects in
ANT1, Twinkle and POLG (Goethem et al. 2001, Spelbrink et al. 2001, Agostino et al.
2003) have been identified in patients with autosomal recessive or sporadic progressive
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ophthalmoplegia in association with multiple mtDNA deletions. Multiple deletions may
also be associated with MNGIE (myoneurogastrointestinal encephalopathy), which can
be caused by mutations in ECGF1 (Nishino et al. 1999) or in other genes (Vissing
et al. 2002). The mitochondrial DNA depletion syndrome can result from mutations in
DGUOK or TK2, for example (Elpeleg et al. 2002). It is likely that only a small minority
of nuclear genes associated with mitochondrial diseases have been identified, and the
products of such genes may also be subject to deterioration by other processes within
the mitochondrial matrix (Graziewicz et al. 2002), implying that they may be involved
in pathogenetic interactions with mitochondrial and other nuclear genes. On the other
hand, the nuclear DNA may also contain genes that can suppress defects in mtDNA genes
(Rinaldi et al. 2003).

2.4 Selection against mutations in mtDNA
The central role of mitochondria in cellular energy metabolism and the role of mtDNA
mutations in human disease clearly imply that natural selection has a significant role in
mtDNA evolution. The stringency of the varying structural and functional constraints
is most likely the main determinant of the intensity of selection against particular
mtDNA mutations (Tourasse & Li 2000). For example, the amino acid substitutions
in the cytosolic portion of primate MTCO2 appear to have been more deleterious
than those in the transmembrane portion (Templeton 1996), although transmembrane
regions may generally be more conserved than the nontransmembraneal regions (Naylor
et al. 1995, Tourasse & Li 2000). Furthermore, there are differences between genes,
since nonsynonymous substitution rates have been shown to vary among the proteincoding genes of mtDNA, whereas synonymous rates are more uniform (Pesole et al.
1999). Functional and structural constraints are certainly also important in the rRNA
and tRNA genes of mtDNA. A proportion of the selective constraints are also likely
to arise from interactions between the mtDNA-encoded gene products and the nuclearencoded components of the mitochondria, leading to natural selection which will favour
evolutionary co-adaptation of interacting molecules coded by these two distinct genomes
(Blier et al. 2001). Environmental factors may also have imposed selective constraints
on mtDNA during human evolution (Mishmar et al. 2003), and therefore evolutionary
constraints may also have implications for susceptibility to disease.

2.4.1 The neutral theory
The neutral mutation-random drift hypothesis aroused controversy in 1968 when it was
first introduced (Kimura 1968), but it has since become a cornerstone of molecular
evolution. The neutral theory states that the majority of polymorphisms observed
within and between species are the result of random drift or neutral mutations rather
than of natural selection. Deleterious mutations are assumed to occur, but they are
promptly removed by purifying selection. A variation of the neutral theory, the nearly
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neutral theory, differs slightly in certain assumptions regarding the quantity and fate
of slightly deleterious alleles (Ohta 2002). Both theories assume that the observed
patterns of molecular variation result from drift, mutation and/or purifying selection,
whereas positive selection or adaptive evolution is nonneutral and not consistent with
these neutral theories. Positive selection occurs when a selectively advantageous mutation
is segregating in the population, and this may also result in a selective sweep, for example,
which refers to the elimination of variation at linked neutral sites as the frequency of a
positively selected allele increases in the population (Bamshad & Wooding 2003).
An important prediction of the neutral theory is that evolutionarily recent mutations,
i.e. mutations in the peripheral parts of the phylogeny, may include slightly deleterious
alleles which have not yet been removed by selection. This could also imply that
evolutionarily recent mutations in human mtDNA may have more severe structural or
functional consequences for the products of the respective genes than older mutations, e.g.
in terms of the physicochemical properties of the amino acids involved in nonsynonymous
mutations, but there are no reports in which this question is systematically addressed.
The neutral theory has during the last decade become a null model against which
specific occurrences of selection can be detected. The possibility of identifying genomic
regions that have been subject to selection is important, because it may allow the
identification of disease-causing mutations, for example. Furthermore, assessment of
neutrality provides a tool for developing hypotheses regarding function from genomic
data (Nielsen 2001). Statistical methods for detecting the signature of selection from
population-based data can be assigned to two main categories: comparisons of observed
differences in performance (genetic fitness) between genotypes, and comparisons of
observed patterns of nucleotide sequence variation with those expected under the neutral
model.

2.4.2 Relative fitness
The intensity of selection against a particular genotype is measured in terms of
fitness, which indicates the degree of adaptation of the genotype to its environment,
and consequently the probability that the genotype will pass on to future generations
(Bamshad & Wooding 2003). Deleterious mutations tend to reduce the fitness and
reproductive capacity of their carriers. Fitness comprises three components: fertility,
survival and generation time (Morton 1982), and the relative fitness of a genotype is
usually measured as its fitness relative to that of another genotype in the same gene
system. Comparison of fertility, survival and generation time between mutation carriers
and the remaining population therefore provides a direct measurement of the intensity
of selection against mutation carriers (Cavalli-Sforza & Bodmer 1971). A convenient
summary measure for the three components of fitness is the net reproduction rate (NRR),
which is a measure of the extent to which one female generation is reproducing itself.
It can be interpreted as the average number of daughters a woman would have during
her reproductive years, assuming fertility and mortality at given rates (Newell 1994), and
the relative reproductive capacity, or fitness, of mutation carriers is given directly by the
ratio of the NRR of mutation carriers to that of the general population, assuming that the
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generation time does not differ between these (Cavalli-Sforza & Bodmer 1971). This
method is particularly suitable for mtDNA, because its evolution proceeds exclusively
by mother-daughter transmissions, and because NRRs are usually published in official
population statistics. It is surprising, therefore, that there are no previous reports in which
the relative fitness of carriers of pathogenic mtDNA mutations is estimated from pedigree
data. This would allow inferences to be made on the degree and nature of natural selection
that is currently present against this class of highly deleterious mtDNA mutations.

2.4.3 Nucleotide polymorphism indices
Natural selection produces patterns of sequence polymorphisms that are different from
those observed when selection is not present, and therefore nucleotide polymorphism data
can be used to identify loci that are subject to selection. Several descriptive statistics are
commonly used to summarize nucleotide polymorphism data and to compare data sets.
The number of polymorphic or segregating sites, denoted by S, is calculated simply by
identifying all sites that show variation in the sample. Similarly, it is possible to infer
the total number of mutations in the sample (η), which is an estimate of the minimum
number of mutations required to explain the observed variation, as it does not include
any correction for multiple substitutions at a site (Fu & Li 1993). The total number of
singleton mutations (ηs ) is calculated by identifying all those alleles that are present in
only one sequence in the sample (Fu & Li 1993). The diversity between sequences can
also be measured in terms of pairwise sequence comparisons. The average number of
pairwise nucleotide differences is calculated as
k
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where ki j is the number of nucleotide differences between the i-th and j-th sequences
and n is the number of sequences (Tajima 1983). These statistics can be used to derive
estimates for the population mutation parameter θ, which is 4Nµ for nuclear DNA, 3Nµ
for X-chromosomal DNA and 2Nµ for mitochondrial DNA, where N is the effective
population size and µ is the neutral mutation rate per generation (Fu 1997). The population
mutation parameter for the number of segregating sites (S) and its variance are given by
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whereas the population mutation parameter for pairwise differences and its variance are
estimated as
θπ  k
(2.6)
2  n2 n 3  θπ2
(2.7)
9n  n  1 

Correspondingly, the formula for the population mutation parameter for the total number
of mutations (η) is
η
θη 
(2.8)
an
and that for singleton mutations (ηs ) is
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(Tajima 1983, Fu & Li 1993, Simonsen et al. 1995). Each θ can additionally be
standardized by the length of the sequence analysed (Li 1997). Nucleotide diversity per
site, π (θπ site), is the frequency with which any two sequences in the sample differ at
a site, and is most often used for direct comparisons between sequence sets and classes
of nucleotide sites, because it does not depend on the sample size or the length of the
sequence analysed (Nei 1987).
Sequence diversity in mtDNA is higher in African haplogroups than in other continentspecific haplogroups, and Africa encompasses the greatest diversity of all continents,
consistent with the assumption that the African haplogroups and populations are the
oldest of all and have therefore accumulated such a high degree of sequence variation
(Wallace et al. 1999). Besides such comparisons between populations, the nucleotide
polymorphism indices also allow inferences to be made regarding selection against
different classes of sites. For example, the neutral theory states that in the subset of third
codon positions containing fourfold degenerate sites the fate of almost all mutations will
be governed by neutral mutation-random drift, because they do not manifest themselves as
amino acid changes and therefore have no effect on fitness. On the other hand, purifying
selection presumably weeds out a significant proportion of mutations in the nondegenerate
second codon positions, in which all mutations result in amino acid replacements, and
therefore the overall fraction of neutral mutations and the average sequence diversity
would be smaller at nondegenerate sites than at fourfold degenerate ones (Gerber et al.
2001). Analyses of nucleotide diversity therefore facilitate inferences on the relative
degree of selection between genes, genome regions or classes of sites within sequences
that share a common history. The mtDNA genes are most likely subject to different
selective constraints, but the relative rank order of genes or classes of sites should be
similar in all phylogenetic lineages, unless there are lineage-specific factors that impose
different constraints on different lineages (Rand 2001).

2.4.4 Neutrality tests
Under the assumptions of the standard neutral equilibrium model, the different θ
estimators should yield similar values when the mutations are neutral (Simonsen et al.
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1995). However, θS and θηs are affected by the presence of low-frequency alleles in
the sample, whereas these have little impact on θπ , leading to differences between the
estimates when selection is present (Fu & Li 1993). Such differences form the basis of
various statistical tests of neutrality, including Tajima’s D (Tajima 1989), which is based
on the difference between θπ and θS and its variance,
D
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Fu and Li’s F  (Fu & Li 1993), which is based on the difference between θπ and θηs and
its variance,
θπ  θηs
(2.11)
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and Fu’s Fs (Fu 1997), which is based on the probability of the observed number of
haplotypes or more being observed under conditions of neutrality,
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where k0 is the number of haplotypes and Snm is s  n m  , the Stirling number of the first
kind indicating the number of permutations of n elements that contain exactly m cycles.
The existence of many deleterious mutations in a population will produce an excess
of rare alleles as compared with that expected under conditions of neutrality, and this
will result in negative values for these tests, whereas positive values are associated with
a relative lack of low-frequency alleles. Analyses of primate or human mtDNAs using
neutrality tests have mostly been based on single genes and the results have varied, as
significant departures from neutrality have been observed in some studies but not in
others (Gerber et al. 2001). Neutrality tests are sensitive to several assumptions, including
demographic factors such as population history, and violation of these assumptions can
produce patterns that may be misinterpreted as evidence of selection (Wayne & Simonsen
1998). However, as neutrality tests are measures of the allele frequency spectrum
(Przeworski et al. 2000), they could also be used as summary statistics to identify genome
regions that show patterns of nucleotide substitution that are not consistent with the
average pattern for the genome (Nielsen 2001, Rand 2001). Mitochondrial DNA should be
a particularly successful candidate for such analyses because of its lack of recombination
and uniparental clonal inheritance.
Fs  ln

2.4.5 Silent and replacement mutations
2.4.5.1 Nonsynonymous/synonymous rate ratio
Synonymous mutations in protein-encoding genes are mostly free of selection, whereas a
large proportion of nonsynonymous mutations are likely to be deleterious and selected

33
against (Majewski & Ott 2003). The nonsynonymous substitution rate is therefore
generally lower than the synonymous substitution rate. These rates may be compared
by calculating ω  dN dS , where dN is the number of nonsynonymous substitutions per
nonsynonymous sites and dS is the number of synonymous substitutions per synonymous
sites. ω indicates the relative level of selection against nonsynonymous mutations, as
compared with the synonymous variation. A value of ω  1 implies that nonsynonymous
mutations are fixed with higher probability than neutral mutations, because of positive
selection.

2.4.5.2 McDonald-Kreitman test
The McDonald-Kreitman (MK) test (McDonald & Kreitman 1991) analyses whether ω is
similar within and between species, as is expected when a gene evolves neutrally. This
test has been used extensively to analyse mtDNA sequence variation, and an excess of
amino acid polymorphisms within species as compared with that between species has
often been found (Nachman 1998, Rand & Kann 1998, Weinreich & Rand 2000, Gerber
et al. 2001). This finding has been interpreted as evidence for the nearly neutral theory, in
which weakly selected amino acid variants are observed within populations but removed
by selection before they have the opportunity to become fixed. The MK test has been
criticized, however (Graur & Li 1991, Maynard Smith 1994, Wayne & Simonsen 1998,
Eyre-Walker 2002), and a significant result of a MK test may have several interpretations
(Gerber et al. 2001), but the finding of higher ω within species than between species also
seems to persist in at least some analyses that attempt to account for the specific problems
of the MK test (Hasegawa et al. 1998).

2.4.5.3 dN  dS distributions between lineages
Distributions of pairwise comparisons of ω between sequences can be compared between
lineages to make inferences regarding the relative selective constraints within each
lineage. This method has recently been used to test the hypothesis that the evolution of
major continent-specific human mtDNA haplogroups has been shaped by environmental
factors, and the authors found evidence for different selective constraints for the proteincoding genes of mtDNA in different haplogroups that were selected according to their
geographical origin, suggesting that climate may have had a role in the evolution of the
major human mtDNA lineages (Mishmar et al. 2003). The authors did not explicitly
consider, however, the possibility that similar differences might exist also between
lineages that have not been selected according to their origin, and furthermore, the
analysis included only a subset of human mtDNA sequences that were available in
sequence databases.
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2.4.6 Other methods
The Hudson-Kreitman-Aguade (HKA) test (Hudson et al. 1987) compares the variability
within and between species in two or more loci simultaneously. The requirement of
free recombination limits its use to comparisons between mtDNA and nuclear loci
(Kreitman 2000). Selection may also be detected from differences in the estimated ages of
nonsynonymous and synonymous mutations (Nielsen & Weinreich 1999), for instance, or
from the allelic distribution of nonsynonymous and synonymous polymorphisms (Akashi
1999). Furthermore, it is possible to detect positive selection or recombination using a
method which tests whether there are regions within the analysed sequence that do not fit
with a single phylogenetic topology and nucleotide substitution process estimated for the
entire sequence (Grassly & Holmes 1997).

3 Aims of the present research
Mutations in mtDNA are important causes of disease, but data concerning their
epidemiology have been limited. Pathogenic mutations in mtDNA are observed around
the world, but they are rare in all populations, suggesting strong negative selection
against them. No attempt has been made, however, to estimate the selection against
any pathogenic mutation in mtDNA empirically from pedigree data. A large number
of polymorphisms have accumulated into continent-specific mtDNA lineages during
human evolution, but it is not known whether the observed nonsynonymous mutations
are completely neutral or whether some of them are slightly deleterious. The genes in
mtDNA are subject to different selective constraints and are therefore expected to evolve
at different rates, but the rank order of these rates should be the same in all lineages
of the phylogeny. Evidence is accumulating, however, that some mtDNA regions may
have evolved at different rates in different lineages. Moreover, the risks of contracting
certain complex diseases may be haplogroup-specific. These findings suggest that
selective constraints against mtDNA mutations may be lineage-specific, possibly due to
mitochondrial-mitochondrial or mitochondrial-nuclear interactions in the corresponding
lineages.
The specific aims of this research were:
1. to estimate the prevalence of 3243A>G, one of the most deleterious mtDNA point
mutations, in the population of Northern Ostrobothnia
2. to estimate the host-level selection against individuals harbouring the 3243A>G
mutation
3. to identify and characterize all sequence variations in published mtDNA sequences
4. to develop a test for the hypothesis that phylogenetically recent nonsynonymous
mutations are more deleterious than ancient mutations, and to apply the test to the
available mtDNA sequences, and
5. to compare polymorphism indices and patterns of polymorphism between
haplogroups and mtDNA regions to find possible evidence for lineage-specific
selective influences

4 Subjects and methods
4.1 Genetic epidemiology of the 3243A>G mutation (I, II)
4.1.1 Ascertainment of patients (I)
The phenotypic variability of the disease caused by the 3243A>G mutation is high. In
addition to the classic MELAS syndrome (Pavlakis et al. 1984), clinical evaluation of
patients carrying this mutation has revealed a wide array of milder phenotypes, such
as hypertrophic cardiomyopathy, ataxia, basal ganglia calcifications, ophthalmoplegia,
sensorineural hearing impairment and diabetes mellitus (Kadowaki et al. 1994, Mariotti
et al. 1995, Morgan-Hughes et al. 1995), many of which are also common in the general
population. A minimum estimate of the prevalence of the 3243A>G mutation was
therefore obtained by identifying as many patients as possible from the adult population
of Northern Ostrobothnia (total population 353,895 on December 31, 1994).
Regional and municipal health-care registers were used to identify patients with
phenotypes commonly associated with mtDNA disorders (Johns 1995, Shoffner 1996).
Patients >20 years of age and with diabetes mellitus, hearing loss, epilepsy, brain infarct,
ophthalmoplegia, basal ganglia calcification, white-matter disease, hypertrophic or dilated
cardiomyopathy, or ataxia, were first identified, and subgroups were then ascertained by
reference to clinical criteria and family history data and analysed for the presence of the
3243A>G mutation.
The number of patients in the first three diagnostic groups was high, and therefore a
family history of any of the three disorders in first or second-degree maternal relatives was
used as an additional inclusion criterion. The family history was collected by means of
a questionnaire. The author was responsible for the preparation and mailing of these
questionnaires. In the two largest patient groups, epilepsy and diabetes mellitus, the
author was also responsible for patient identification and for collection, management and
statistical analyses of the data, and contributed to similar tasks in the third group, patients
with hearing loss.
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4.1.2 Analysis of families with the 3243A>G mutation (I)
A blood sample was requested from each patient fulfilling the selection criteria. DNA
was purified from these samples and screened for the 3243A>G mutation by restrictionfragment analysis using the restriction enzyme ApaI (Kobayashi et al. 1990). After the
mutation had been found, a muscle biopsy sample or buccal-epithelial cell sample was
also taken, and adult relatives were requested to visit the outpatient clinic, where similar
samples were obtained from those who volunteered.
The pedigrees of the probands with the mutation were compiled from official
population records, noting all first and second-degree maternal relatives and a maternal
ancestor born during the 19th century. In addition to this genealogical analysis,
mitochondrial DNA haplogroups were determined by a RFLP analysis using 14 restriction
enzymes (Torroni et al. 1996), and the 22 tRNA genes and the D-loop were sequenced
to determine whether the mtDNA genotypes were consistent with the assumption that the
3243A>G mutation was identical by descent in some or all of the families.
The prevalence of the 3243A>G mutation was estimated as N 245 201, where N
was the number of verified mutation carriers and the denominator was the total adult
(>20 years) population of Northern Ostrobothnia on December 31, 1994. Furthermore,
a similar estimate was obtained by assuming that the unexamined first-degree maternal
relatives of the verified mutation carriers also harboured the mutation.

4.1.3 Relative fitness of 3243A>G carriers (II)
The relative reproductive capacity, or genetic fitness, of mutation carriers is given by
NRRm NRR p , where NRRm is the net reproduction rate of the mutation carriers and
NRR p is the net reproduction rate of women in the general population (Cavalli-Sforza
& Bodmer 1971). NRRm and NRR p were estimated retrospectively for the population of
the province of Oulu during the period 1 January 1973 to 31 December 1996. Annual
net reproduction rates for the general population (NRR p ) were obtained from the official
population statistics, and that for women carrying the 3243A>G mutation was estimated
on the basis of 16 families, 5 of which had been found after the population-based screening
for the mutation (I). Sisters of the probands, female probands, mothers of the probands
and maternal aunts of the probands were considered eligible for the analysis. This resulted
in 92 individuals, 32 of which had been examined with respect to the 3243A>G mutation.
The number of reproductive years, defined as the age between 15 and 49 and coinciding
with the years 1973–1996, was recorded for each woman harbouring the mutation. These
data, the number and date of live births during that period, and the person-years method
(Kahn & Sempos 1989) were used to estimate age-specific birth rates at five-year intervals.
The probability of survival to the midpoint of each 5-year interval was estimated by
Kaplan-Meier survival analysis for the female mutation carriers in the 16 families. NRRm
was then calculated by multiplying the age-specific birth rate for each 5-year interval by
the probability of survival to the midpoint of the interval and summing the products over
all the intervals (Cavalli-Sforza & Bodmer 1971). The mean of the age-specific fertility
distribution (m), a commonly used measure of the timing of fertility (Newell 1994), was
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calculated for the mutation carriers and for the general population and compared using a
one-way analysis of variance (ANOVA) to exclude the possibility that NRRm and NRR p
differed simply because the generation times for these two groups were different. The
LIFETEST and GLM procedures of SAS 6.12 (SAS Institute 1997) were used for the
Kaplan-Meier survival analysis and ANOVA, respectively.

4.2 Mitochondrial DNA sequence sets (III and IV)
The analysis of variation in currently available mtDNA sequences requires the ability to
align and annotate a large number of sequences that have been obtained from different
sources and therefore have varying degrees of pre-existing annotations. The absolute
sequence positions of features vary due to the presence of insertions, deletions and
highly variable repeat length polymorphisms. Moreover, the identification of codon
positions, for example, is problematic because the mtDNA contains overlapping gene
regions with different reading frames for different genes. No existing software packages
were found which would have facilitated the identification and extraction of particular
classes of mutations or subsequences of particular genes or functional classes of sites,
as required by the analyses presented here. Therefore, a custom database system for
such mtDNA sequence analyses was developed and implemented using MySQL (http:
//www.mysql.com), which is an open-source relational database system based on the
standardized SQL query language. A relational database stores data in separate tables that
are linked by defined relations, making it possible to combine data from several tables
on request. The database was constructed to contain tables for the reference sequence,
feature locations, raw sequence data, sequence identifiers and haplogroups, mutations
identified, and physicochemical properties of the nonsynonymous mutations, and these
were managed using the SQL language, Perl/DBI constructs and a web-based interface
(Figure 3). All the variations in published mtDNA sequences were identified and stored
in the database, including the sequences themselves.
Human mitochondrial DNA sequences that were available in public databases were
downloaded from the Internet, resulting in a data set of 847 sequences with varying
degrees of annotation (III, table 1). Three sequences (GenBank NC_001807.4, J01415.1,
V00662.1) were excluded as being historical or current reference sequences, and three
additional sequences (GenBank E27669.1–E27671.1) were excluded because they were
patent-associated and demonstrated variation only on certain positions, being otherwise
similar to V00662.1, including its errors, which suggests that they were not genuine
human sequences. One of the sequences was from the CCL2 HeLa lineage, and it
was excluded because of an unusually high rate of divergence (Herrnstadt et al. 2002b).
This resulted in 840 complete coding region sequences, which were compared with the
reference sequence using the diffseq utility of the EMBOSS software package (Rice
et al. 2000). Diffseq takes two overlapping, nearly identical sequences and reports
the differences between them. The reference was the Mitomap reference sequence
(available at http://www.mitomap.org), a slightly modified version of the 2001 Revised
Cambridge Reference Sequence (Andrews et al. 1999).
The differences reported by diffseq were converted to lists of standardized mutation
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Fig. 3. Diagram of the SQL database system.

names (den Dunnen & Antonarakis 2001), which were then used, with the reference
sequence, to populate the SQL database with the nucleotide data of the sequences. This
novel approach allowed the position of each nucleotide in each sequence to be determined
with respect to the reference sequence, so that the sequence data could be aligned, handled
and extracted using standard SQL and Perl DBI programming language constructs. The
stored sequences were compared with the original ones to ensure that the algorithms for
storing the data had run without errors. The sequences were annotated with features
according to the Mitomap function locations (http://www.mitomap.org).

4.2.1 Characterization of nonsynonymous mutations (III)
Amino acid translations of protein-coding genes were obtained from the database
using the Bio::PrimarySeqI interface of Bioperl (Stajich et al. 2002, http://www.
bioperl.org) and nonsynonymous changes were subsequently identified. Observed
nonsense mutations were verified manually, and the amino acid translations of 325
mutations were compared with those found in Mitomap, all the observed differences
being found to be errors in Mitomap. The amino acids involved in the nonsynonymous
mutations were characterized in terms of six physicochemical properties, namely
polarity (Grantham 1974), size (Grantham 1974), isoelectric point (Alff-Steinberger
1969), aliphatic and aromatic nature, and hydropathy (Kyte & Doolittle 1982), and
the amino acid replacements were assigned to categories according to changes in these
physicochemical properties. Furthermore, each replacement was defined as conservative
or nonconservative according to the BLOSUM62 matrix used for sequence comparisons
(Henikoff & Henikoff 1992), nonconservative replacements having a negative value in the
matrix (Cargill et al. 1999).
The distribution of mutations within genes was assessed by identifying hydrophobic
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and hydrophilic regions of genes, defined by comparison of the average hydropathy of
each 19-amino acid segment with the mean for all segments in the respective gene. The
Kyte-Doolittle hydropathy index for 19 neighbouring amino acids was calculated for each
amino acid position using the pepinfo utility of the EMBOSS package. This segment size
was used because it has been proposed as achieving good sensitivity in the identification
of transmembrane regions (Kyte & Doolittle 1982).

4.2.2 Reduced-median networks of nonsynonymous mutations (III)
Six reduced-median networks (Bandelt et al. 1995) were constructed from the
nonsynonymous mutations in the 840 sequences. All the coding region variations (Finnilä
et al. 2001, Herrnstadt et al. 2002a) were used to assign each sequence to one of the six
networks. The sequences were converted to a binary data matrix (Bandelt et al. 1995),
and reduced-median networks were constructed from the binary data using Network 2.1
(available at http://fluxus-engineering.com). All binary characters were weighted
equally, and the default reduction threshold r  2 (Bandelt et al. 2000) was used in the
analysis.
The physicochemical properties of the amino acid replacements were compared in
terms of their position in the network in order to assess the hypothesis of selection against
mildly deleterious replacements, which maintains that the mutations in the periphery
of the phylogenetic network should include more deleterious mutations with dissimilar
amino acid properties than those in the central parts of the network. Private mutations
occupying the peripheral tips of the network were inferred from alleles that were present
in only one sequence, whereas homoplasic mutations were inferred from the presence
of a mutation in >1 lineage in the networks. The frequencies of the mutation categories
among private amino acid replacements, homoplasic replacements and replacements in
hydrophobic regions were compared with those among the remaining ones using the twotailed Fisher’s exact test as implemented in R 1.4.1 (Ihaka & Gentleman 1996).

4.2.3 Rate of detection of new nonsynonymous mutations in European
sequences (III)
The total number of amino acid polymorphisms in the European populations is not
known. Estimates for the cumulative rate of discovery of new nonsynonymous mutations
and for the total number of mutations were derived by taking 500 permutations of the
647 European sequences and examining the sequences contained in each permutation
consecutively, calculating for each sequence the cumulative sum of mutations that had
not occurred in the previous sequences. Sampling was performed without replacement.
Statistical models having an asymptotic maximum were fitted to the mean of the 500
cumulative sum curves by the nonlinear least squares method as implemented in R 1.4.1 to
predict the total number of mutations and the number of sequences required for identifying
most of them.
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4.2.4 Polymorphism indices and phylogenetic tests for neutrality (IV)
The European haplogroup clusters encompassed 646 sequences (HV 300, KU 142, JT
113, IWX 91), whereas 108 belonged to the Asian haplogroups and 82 to the African
haplogroup cluster L. One European sequence could not be assigned into any of the
four European clusters, and it was therefore excluded from comparisons between these.
Genes, codon positions and nondegenerate, twofold degenerate and fourfold degenerate
sites were identified according to the Mitomap reference sequence and function locations.
Sequence data sets were defined according to their haplogroup assignment and functional
classes of sites and analysed in terms of nucleotide polymorphism indices and neutrality
tests. Nucleotide diversity π, Watterson’s estimate θS , and θηs and the neutrality tests D,
F  and Fs were calculated for each sequence data set. A novel program was written in
C to calculate the descriptive statistics and tests required in the analyses at a high level
of numerical precision, and the source code was released publicly (dnastats, available
at http://cc.oulu.fi/~jukkamoi/mtres). The program was also designed to permit
arbitrary sliding-window analyses. π and the other statistics were compared between the
haplogroup-defined sequence sets to identify exceptions from the general rank order of
classes of sites.

4.2.5 Nonsynonymous/synonymous rate ratios (IV)
Numbers of nonsynonymous mutations per nonsynonymous sites (dN ) and numbers of
synonymous mutations per synonymous sites (dS ) in the 13 protein-coding genes between
sequences in each haplogroup-defined sequence set were calculated by the method of
Nei & Gojobori (1986) as implemented in DnaSP 3.53 (Rozas & Rozas 1999). The
distributions of dN  dN dS  values were compared between the haplogroups and the
significances of differences between lineages were assessed using the Kruskal-Wallis rank
sum test as implemented in R 1.4.1.

4.2.6 Sliding-window analyses (IV)
Two sliding-window methods were used to identify genome regions that showed patterns
of nucleotide substitution that were not consistent with the average pattern for the genome.

4.2.6.1 Allele frequency distribution
Neutrality tests are summaries of the allele frequency spectrum (Przeworski et al. 2000).
Nucleotide diversity and the neutrality tests D, F  and Fs were calculated for each
haplogroup-defined sequence set in terms of 1000-bp segments shifted along the mtDNA
genome in 40-bp steps. These sliding-window analyses were carried out by using DnaSP
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and dnastats with consistent results. The hypothesis of a correlation between nucleotide
position and the sliding-window estimates was assessed by linear regression. One of the
most extreme lineage-specific local deviations in the allele frequency distribution was
examined in more detail to assess its possible causes. A median network (Bandelt et al.
1995) was constructed for the respective gene and segregating sites within and outside
the observed region were identified, after which Fisher’s exact test was used to assess the
hypothesis that the frequencies of segregating sites and nonsynonymous and synonymous
mutations were distributed evenly between lineages and the respective gene.

4.2.6.2 Partial likelihood optimization
The coding region sequence data sets were analysed by a method which identifies regions
which do not fit with a single phylogenetic topology and nucleotide substitution process
along the entire sequence. The method uses a maximum-likelihood phylogeny to calculate
the likelihoods for each site in the sequence data, and calculates a measure of the average
likelihood of a window with respect to the rest of the sequence for windows of varying
sizes and positions. Maximum-likelihood trees were reconstructed for each sequence data
set using TREE-PUZZLE 5.0 (Schmidt et al. 2002) and enforcing the HKY substitution
model (Hasegawa et al. 1985) with a uniform substitution rate. The transition/transversion
parameter was estimated from the data. The sequence data, maximum-likelihood tree and
ti/tv parameter were given as input to PLATO 2.11 (Grassly & Holmes 1997) to identify
genome regions with a significantly low likelihood, and mutations within such regions
were identified. Homologies in the other lineages were screened for by examining each
pair of mutations within the region, in order to assess the hypothesis that the significantly
low likelihood had resulted from an ancient recombination event.

5 Results
5.1 Prevalence of 3243A>G in Northern Ostrobothnia (I)
Five pedigrees with the 3243A>G mutation in the population of Northern Ostrobothnia
were known before the present study. A total of 615 patients fulfilled the selection
criteria, and 480 samples were analysed for the 3243A>G mutation. The screening
revealed a total of 14 patients, including members of five newly identified families, and
one additional family was identified outside the screening setting. The total number of
verified mutation carriers >20 years of age in these 11 families who were living in the
province of Northern Ostrobothnia was 25. The minimum estimate for the prevalence
of the 3243A>G mutation in the adult population of the area was therefore 10.2/100,000
(95% confidence interval 6.2–14.2/100,000). Unexamined first-degree maternal relatives
of verified mutation carriers were then defined as obligatory carriers. The total number
of verified and obligatory carriers aged >20 years and living in the province of Northern
Ostrobothnia was 40, resulting in an estimate of 16.3/100,000 (95% confidence interval
11.3–21.4/100,000) for the prevalence of the 3243A>G mutation.
RFLP and sequencing analysis revealed nine mtDNA genotypes in the 11 families. Six
probands belonged to mtDNA haplogroup U, two to haplogroup H, two to haplogroup
T and one to haplogroup I. Three probands belonging to haplogroup U had identical
sequences. Genealogical analysis showed that two of these three families had a common
ancestor born in 1864, but no ancestors common to this family and the third family sharing
the mtDNA genotype were found even though the genealogical analyses were extended
back to 1808 and 1837.

5.2 Relative fitness of females carrying 3243A>G is not markedly
reduced (II)
The reproductive period of 31 female carriers of the 3243A>G mutation coincided with
the years 1973-1996. Six had the MELAS syndrome, 13 had diabetes mellitus or hearing
impairment but no MELAS syndrome, and the remaining women had milder symptoms
or were unaffected. The net reproduction rate calculated for the mutation carriers (NRRm )
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Fig. 4. Comparison of net reproduction rates between the general population and women with
3243A>G.

was 1.02 (0.75–1.29, 95% confidence interval), while the annual net reproduction rate
in the general population varied between 0.87 and 1.06 during the years 1973–1996, the
median (NRR p ) being 1.01 (Figure 4). The mean of the age-specific fertility distribution
(m) did not differ between mutation carriers and the general population (28.0 vs. 28.4
years; P  0 83, one-way analysis of variance).



5.3 Recent nonsynonymous mutations differ from
the ancient ones (III)
A total of 988 synonymous, 465 nonsynonymous missense, and 6 nonsense mutations
were identified in the protein-coding genes of 840 mtDNA sequences, when the
differences were defined relative to the reference sequence. One-third of all the
mutations were nonsynonymous. The six nonsense mutations included two in the
initiator codon of the MTND1 gene (3308T>C and 3308T>A), a mutation in the initiator
codon of MTND5 (12338T>C), a mutation in the stop codon of MTCO1 (7444G>A;
MTCO1:S513_X514insKQK), and a frameshift deletion in the middle of MTCO1
(6577delG; MTCO1:G225fsX28). Half of the missense mutations (48%) changed
polarity, 26% size, 8% charge, 32% aliphaticity, 13% aromaticity and 44% hydropathy,
indicating that such changes are common in human mtDNA and that evaluation of the
pathogenicity of a mutation should not rely solely on these structural considerations.
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Fig. 5. Unrooted reduced-median network of amino acid haplotypes of 840 human mtDNA
sequences. An overview.

The reduced-median networks of the amino acid changes showed few differences
between the major continent-specific haplogroups, but there were high degrees of
variation and highly starlike phylogenies within the haplogroups. More than half of the
nonsynonymous mutations (56%) were private, that is, they were present in only one
sequence. One-fourth of the mutations (25%) were homoplasic, indicating that they had
arisen more than once during human evolution. Comparison of the physicochemical
properties of amino acid changes revealed that nonconservative changes were almost
twice as common among private mutations than among nonprivate ones (OR 1.83;
95% confidence interval 1.18–2.85; P  0 005). Homoplasic mutations were less often

nonconservative (OR 0.44; 95% C.I. 0.25–0.76; P  0 002) and less often involved

changes in the amino acid size (OR 0.58; 95% C.I. 0.33–1.00;
P  0 04), aliphaticity

(OR 0.49; 95% C.I. 0.29–0.82; P  0 004) and aromaticity (OR 0.44; 95% C.I. 0.17–

0.97; P  0 04) than the nonhomoplasic ones.

Analysis of the distribution of the nonsynonymous mutations along the 13 proteincoding genes revealed that they were not distributed evenly across or within the genes.

46
The density of mutations was generally high in MTATP6 and MTATP8, whereas most
of the other genes showed at least some regions which were almost free of amino acid
replacements. Such regions were particularly evident in the central parts of MTCO1,
MTND4 and MTND5, suggesting that these are conserved because of their functional
importance. Nonsynonymous mutations were found to occupy both hydrophobic and
hydrophilic regions of genes when the regions were defined according to the average 19aa hydropathy for the respective gene. The mutations in hydrophobic regions involved
less changes in charge and more changes in aliphaticity than expected and were less
often nonconservative than those in hydrophilic regions, but such differences apparently
resulted from differences in amino acid content between the hydrophobic and hydrophilic
regions, because 103 381 (27%) of the charged amino acids and 697 1 065 (65%) of
the aliphatic amino acids in the reference sequence were found to be located in the
hydrophobic regions of the genes.

5.4 Rate of detection of new nonsynonymous mutations in European
sequences (III)

The Weibull growth curve y  α  β exp  exp  δ  xε  provided the best fit for the mean of
the cumulative sum curves, with parameters α  1080 84, β  1080 31, δ  5 435, and



ε  0 6664. The fit was almost perfect (residual sum of squares 16.86). α represents the

asymptotic maximum of the Weibull growth curve. According to the estimated model, the
301 mutations detected in 647 European sequences encompass approximately 28% of all
the nonsynonymous mutations that may be present in European populations, and 12,200
sequences will be required to identify 90% of the 1,081 mutations, and 18,100 sequences
to identify 95%.

5.5 Polymorphism indices, neutrality tests and sliding-window
analyses suggest lineage-specific differences in selection (IV)
5.5.1 Comparisons of diversity indices and dN  dS ratios
Analysis of the set of all sequences revealed a consistently high haplotype diversity, and
all three neutrality tests (D, F  , and Fs) were generally highly negative, suggesting
selection against deleterious alleles, population expansion, or both. Comparison of π
between functional classes of sites showed a rank order which was in accordance with
previous reports, as π increased in the order nondegenerate sites/codon position 1-2 <
tRNA < rRNA < coding sequence (CDS) < twofold degenerate sites < codon position
3 < fourfold degenerate sites < D-loop. These differences are assumed to result from
differential selection against these classes of sites. Comparison of our estimates with
those reported for nuclear sequence variation (Przeworski et al. 2000) indicated that π
for the coding-region genes of mtDNA is generally not much higher than that found for
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many genes in nuclear DNA. The Asian tRNA sequence set showed a low haplotype and
nucleotide diversity and a highly negative Tajima’s D, possibly indicating that mutations
in tRNA genes may have been more deleterious in Asian populations than elsewhere.
The nonsynonymous/synonymous rate ratios differed between lineages in several
genes when the rate ratio distributions were calculated from pairwise comparisons
within each lineage, also suggesting lineage-specific differences in selection against
nonsynonymous mutations in the protein-coding genes of mtDNA.

5.5.2 Sliding-window analyses
The sliding-window analysis of allele frequency distribution showed a correlation
between nucleotide position and the three population mutation parameters and neutrality
tests, this correlation being closer for the number of singleton mutations and for the
number of segregating sites than for nucleotide diversity, and consequently closer for
F  and Fs than for Tajima’s D. This may indicate systematically different selection
or mutation rates for genes in the 5’ and 3’ ends of human mtDNA. Furthermore,
the analysis allowed identification of regions in which the allele frequency distribution
differed from the surrounding regions of the genome and the other haplogroup clusters,
the most conspicuous of the regions being between nucleotide positions 12478-13611
within MTND5 in haplogroup cluster JT. Detailed analysis of this region indicated that
the finding was mostly explained by an unusual distribution of mutations in haplogroup
J. This region had fewer segregating sites and nonsynonymous mutations in haplogroup
J than would be expected from their distribution outside the region and in other clusters,
suggesting that it may have been under stronger selective pressure in haplogroup J than in
others, possibly because of mutual interactions between mutations in the subunits of the
OXPHOS complex I.
The maximum-likelihood sliding-window analysis indicated that several sequence data
sets included one or more regions which did not fit with the phylogenetic topology
and nucleotide substitution process estimated for the entire set. Some of the regions
identified differed in position between sequence sets, whereas some were common to one
or more haplogroup clusters. There were not many regions which had a significantly low
likelihood in the analysis of protein-coding sequences, and these did not generally span
entire genes, suggesting that lineage-specific selective forces may have influenced only
certain regions of genes and not entire genes. The regions with low likelihood included
no homologous pairs of alleles consistent with ancient recombination events between
lineages.

6 Discussion
6.1 Selection against the 3243A>G mutation
The common MELAS mutation 3243A>G in mtDNA was found in 11 pedigrees from
the province of Northern Ostrobothnia, and its frequency in the adult population was
calculated to be at least 10.2/100,000. This is the highest published prevalence figure
worldwide for this mutation and indicates that it is surprisingly common in Northern
Finland, and common by comparison with other pathogenic mutations in mtDNA
(Chinnery et al. 2000, Chinnery & Turnbull 2001, Darin et al. 2001, Man et al. 2003). The
true prevalence may be even higher, because only selected patient groups were analysed,
and cases were lost due to nonresponse to questionnaires, nonrecovery of patient charts
and nonparticipation in blood-sample collection.
Interestingly, 6 out of the 11 maternal ancestors had been born in the province of
Kainuu. Finland is known for >30 heritable disorders that are unusually prevalent
here due to founder effects and population isolation, “the Finnish Disease Heritage”
(Norio 2003a), but the enrichment of rare alleles generally leads to an increased risk
of recessively inherited disease and not mitochondrial disease. It is possible that the
apparent clustering of the 3243A>G mutation could be explained by the recent finding
that errors in the nuclear genes coding for mtDNA repair and maintenance mechanisms
may provoke mtDNA mutation or transmission to the germ line, and such nuclear errors
are often recessive. The frequency of the MERRF mutation 8344A>G in Northern
Ostrobothnia is similar to that in other populations, however, and much lower than that
of 3243A>G, even though both have a similar phenotype in adulthood and both are
mutations in a tRNA gene. The upper limit of the 95% confidence interval for the
prevalence of 8344A>G is 1.5/100,000 (Remes et al. 2003), whereas the lower limit
for 3243A>G in this study was 6.2/100,000, indicating that 3243A>G is at least four
times more common than 8344A>G in Northern Ostrobothnia. Therefore, if a nuclear
factor is responsible for the high prevalence of 3243A>G, it should be fairly specific
to that mutation. Alternatively, population-specific differences in selection against these
mutations could explain the observed differences in prevalence. The ascertained families
with the 3243A>G mutation did not include any childhood-onset MELAS patients, and
the frequency of the mutation among patients with childhood encephalopathies and
myopathies in the same geographical region is low (Uusimaa et al. 2000), suggesting
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that the onset of symptoms is generally delayed until adulthood.
This was the first attempt to assess the reproductive capacity, or fitness, of carriers
of a highly pathogenic mtDNA mutation. Surprisingly, it was found that the female
carriers of 3243A>G were on average fairly mildly affected, and they were able to have
as many children as women in the general population. The estimated confidence interval
for their relative fitness was wide, but a severe reduction was nevertheless excluded. This
is a seemingly contradictory finding, in that the 3243A>G is generally considered to be
one of the most deleterious mtDNA mutations and has all the typical characteristics of
a deleterious mutation in phylogenetic analyses (Torroni et al. 2003). This discrepancy
has at least two possible explanations. First, the majority of mutation carriers in the
population may generally have such a low degree of mutant heteroplasmy that they are
affected only mildly, if at all. A severe reduction in fitness may occur only when someone
inherits a high degree of mutant heteroplasmy, and this event, albeit rare, may still be
common enough that, on an evolutionary time scale, it always removes the mutation from
each lineage where it has occurred. Second, selection may also operate on levels other
than reproductive fitness. If mtDNAs, mitochondria, or germ line cells such as oocytes
harbouring the 3243A>G mutation were somehow recognized and selected against in
mtDNA replication, replicative segregation, cell division, or fertilization, this would
result in a powerful negative selection against the mutation in evolutionary analyses,
even though the consequences at the level of the entire organism would be negligible.
Interestingly, there is some evidence that the segregation of mtDNA genotypes may be
nonrandom (Battersby et al. 2003, Cox & Spradling 2003).

6.2 A novel phylogenetic test for the neutrality of amino acid
replacements
The number of complete mtDNA sequences has increased exponentially during the last
couple of years, marking the start of mitochondrial population genomics (Hedges 2000).
Thus the mtDNA shares the “genomic revolution” with nuclear DNA, and the large
number of mtDNA sequences that are emerging are opening up new possibilities for
statistical analyses of genome-wide evolutionary patterns (Wolfe & Li 2003) and attempts
to assign functional relevance to the numerous variations observed in these sequences.
This study is the first to use bioinformatic tools to collect all the available complete human
mtDNA coding region sequences into a single database and to identify and characterize
all nonsynonymous variation in these sequences. Moreover, a novel phylogenetic
test for the neutrality of amino acid replacements was constructed by formulating the
hypothesis that the evolutionarily recent nonsynonymous mutations, which, according
to the neutral theory, might include some slightly deleterious alleles, could also show
different physicochemical properties from the older mutations.
The finding that private nonsynonymous mutations were more often nonconservative,
while homoplasic mutations were more often conservative and included fewer changes
involving small, aliphatic and aromatic amino acids than the remaining mutations,
suggests that the physicochemical properties of amino acid replacements are relevant
to natural selection and protein evolution, and that a proportion of the nonsynonymous
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mutations that are observed in human populations are deleterious enough to be eventually
removed by selection, implying that they may also be deleterious enough to be associated
with diseases. The finding that not all carriers of the 3243A>G mutation were severely
affected and that their reproductive fitness was not markedly reduced even though the
mutation is obviously subject to purifying selection (Torroni et al. 2003) suggests that
mutations which appear to be slightly deleterious in phylogenetic analyses may well
modify the risks of contracting certain disorders and manifest themselves in clinical
illness only in some individuals. Such slightly deleterious mutations might explain the
observation that some traits seem to be associated with particular mtDNA lineages, and it
is also possible that certain combinations of otherwise neutral polymorphisms are slightly
deleterious because of their cumulative effect (Lertrit et al. 1994, Lehtonen et al. 2003) or
mutual interactions (Rahman et al. 1999, Brown et al. 2002, Howell et al. 2002, Sudoyo
et al. 2002).

6.3 Characterization of mtDNA sequence variation
The reduced-median networks and tabulated physicochemical properties of the
nonsynonymous mutations should have practical applications, because they facilitate
the identification of haplogroup-specific fixed polymorphisms and comparisons of the
physicochemical properties of the mutations. The frequency of changes in the individual
physicochemical properties of amino acid replacements was high, suggesting that such
changes are quite common in human mtDNA and that a polar-nonpolar amino acid
replacement may generally be no more pathogenic than a polar-polar replacement, for
example.
The sequences analysed here contained six nonsense mutations which had not been
mentioned in the original articles, and in one case an association between a haplogrouprelated polymorphism and cardiomyopathy had been reported whereas the published
sequence contained an uncommented frameshift deletion in the middle of the MTCO1
gene (Shin et al. 2000). It is difficult to exclude the possibility of sequencing errors in
such instances, but they nevertheless highlight the importance of a population-genetic
approach for recognizing neutral variants that may be present in the population, and the
importance of examining the entire mtDNA when a particular variant is suspected to be
pathogenic. It is also possible that the sequence databases may contain errors which
could potentially influence the results of statistical analyses of mtDNA, but the effects of
possible random sequencing errors on the analyses presented here should be small, due to
the very large number of sequences included.

6.4 Fingerprints of mutation and selection in mtDNA
The distribution of nonsynonymous mutations was assessed by a simple transmembrane
prediction method based on the average Kyte-Doolittle hydropathy scale of 19 adjacent
amino acids. This analysis revealed differences in the density of amino acid replacements
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between and within genes, as MTATP6 and MTATP8 appeared to be more variable overall
than the remaining genes, and some genes such as MTCO1, MTND4 and MTND5 showed
regions which were almost invariable. Such differences are likely to represent different
functional constraints in the respective subunits, and the high variation in MTATP6 is
consistent with the finding that the functional constraints for this subunit seem to be so
low that even the nuclear-encoded and evolutionarily distant subunit of the green alga
Chlamydomonas reinhardtii has been reported to function in human cells (Ojaimi et al.
2002).
The analysis of nucleotide diversity between mtDNA lineages and classes of nucleotide
sites indicated that the general rank order of sites and genome regions was consistent with
the assumption that a certain proportion of nonsynonymous variation is deleterious and is
removed by selection, since the lowest diversity was observed for the nondegenerate sites
and the highest for the fourfold degenerate sites and the D-loop. Somewhat surprisingly,
the nucleotide diversity per site for the coding region of mtDNA was not much higher
than that found for many genes in nuclear DNA (Przeworski et al. 2000). The Asian
tRNA sequences had a lower nucleotide diversity than the Asian nondegenerate sites, and
Tajima’s D was also highly significantly negative. This could imply that selection against
mutations in tRNA genes has been stronger in Asian populations than elsewhere.
This first sliding-window analysis of nucleotide polymorphism indices and neutrality
tests to be conducted for a large set of human mtDNA sequences produced surprising
results. It is commonly assumed that the African haplogroup L has the highest nucleotide
diversity of all continent-specific haplogroups, but it turned out that this is not equally
true for all regions of mtDNA, and the regions of highest diversity occupied different
positions in the African and Asian sequences. Even more surprisingly, there was a positive
correlation between nucleotide position and the three population mutation parameters and
a negative correlation for the neutrality tests F  and Fs. This might imply systematically
different selection or mutation rates between genes in the 3’ and 5’ ends of the human
mtDNA coding-region sequence. The reason for the observed correlation is not known,
and it does not correspond well to the time for which mtDNA is single-stranded during
replication (Nedbal & Flynn 1998).
The sliding-window analysis also revealed genome regions in which the polymorphism
indices and neutrality tests differed from those for the surrounding regions and for other
haplogroup clusters. This was most conspicuous for the region spanning amino acids 48425 of MTND5 in haplogroup cluster JT, where it was found to result from the relative
lack of segregating sites and nonsynonymous mutations within this region, especially in
haplogroup J. Interestingly, this same region of MTND5 was found to be relatively well
conserved in the analysis of the distribution of nonsynonymous mutations within and
between genes, and, furthermore, a segment of the region has been assigned particular
functional importance in the bacterial Complex I NuoL subunit, which is analogous to the
mammalian MTND5 subunit (Mathiesen & Hägerhäll 2002). It is also interesting that the
pattern was observed in haplogroup J, because this haplogroup has been associated with
susceptibility to certain complex diseases (Lamminen et al. 1997, Torroni et al. 1997,
Wallace et al. 1999, Brown et al. 2002) and with longevity (Rose et al. 2001, Niemi
et al. 2003), and it is defined by three amino acid replacements, two of which are within
the subunits of Complex I and one within MTND5 and close to the identified aberrant
segment. It is therefore possible that the pattern represents an example of mitochondrial-
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mitochondrial or nuclear-mitochondrial interaction that is specific to this lineage and
which has exposed the region to unusually powerful selective pressure.
The analysis of nonsynonymous/synonymous rate ratios in the 13 protein-coding genes
of mtDNA indicated differences between the African, Asian and European clusters,
suggesting that such differences may result from something other than the climate,
unless it is assumed that the European haplogroup clusters have also evolved at different
temperatures (Mishmar et al. 2003). Finally, the maximum-likelihood sliding-window
analysis suggested that the regions with the highest diversity differ between haplogroup
clusters. Overall, several lines of evidence suggest that selection against mtDNA may
differ between lineages, possibly due to mitochondrial-mitochondrial or mitochondrialnuclear interactions, environmental interactions, or combinations of these. Understanding
of such interactions will be crucial to our attempts to resolve the pathogenesis of various
mitochondrial disorders.

7 Conclusions
Mutations in mitochondrial DNA are important determinants of disease. The MELAS
mutation 3243A>G is one of the most common pathogenic mutations, and its genetic
epidemiology in Northern Ostrobothnia suggests that nuclear genes may be involved
in its high prevalence in this area. The 3243A>G mutation did not cause any marked
reproductive disadvantage to its female carriers, however, suggesting that most carriers
in the population are relatively mildly affected. This does not necessarily contradict the
notion of strong evolutionary selection against the mutation as inferred from phylogenetic
studies.
General-purpose bioinformatic tools were well suited for the analysis of >14 Mb of
mtDNA sequence data, although it was necessary to build a custom database system and
write supporting software to complete the analyses. It became obvious during the analyses
that the importance of minimizing human intervention, and consequently the number of
human-introduced errors, is crucial in large-scale sequence analyses. The possibilities
for assigning functional relevance to sequence data, which is one of the central goals
of bioinformatics, are rapidly increasing with the growing quantities of human mtDNA
sequence data.
This was the first attempt to assign functional relevance to the mtDNA variation
that is present in the >800 human mtDNA sequences that have been published during
the last couple of years. A novel hypothesis regarding the physicochemical properties
of amino acid replacements in a phylogenetic context was formulated and tested, and
the results supported the neutral model of evolution and the assumption that slightly
deleterious amino acid polymorphisms, possibly associated with the risks of contracting
certain complex diseases, are present in populations. Moreover, all the nonsynonymous
variation that was identified was characterized, and the distribution of mutations within
and between genes was assessed to identify protein regions that appear to be constrained
by selection. The distribution was still relatively sparse, however, suggesting that many
more sequences still need to be analysed for definite mapping of the constrained and
nonconstrained regions in proteins encoded by human mtDNA.
The exploratory analysis, which included nucleotide polymorphism indices, neutrality
tests and comparisons of nonsynonymous and synonymous mutations between mtDNA
lineages and genes, provided several lines of evidence suggesting that the selective
constraints against particular regions of the mtDNA genome may differ between lineages,
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and that lineage-specific interactions are a plausible explanation for such differences. This
is an important finding, because it implies that the pathogenic potential of a mutation in
mtDNA or in mtDNA-related nuclear genes may well depend markedly on the presence
of other, interacting mutations. The understanding of such interactions and constraints
will be a major challenge in the field of mitochondrial bioinformatics in the future.
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