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Abstract

Indirect tests have detected recombination in diverse animal mitochondrial DNA
(mtDNA), including mammals. These results have far reaching implications for
evolution and ecology, as virtually all animal population genetics studies assume
mtDNA is clonally inherited. For the first time, we demonstrated that the molecular
patterns detected by these tests could alternatively be explained by mutation rate
heterogeneity, or clusters of sites with unusually low or high mutation rates. The
false positive rates of six common tests for recombination were evaluated under
models of mutation rate heterogeneity with theoretical and biologically estimated
parameters. All tests produced an elevated level of false positives, casting serious
doubts on the claim that animal mtDNA does not follow clonal inheritance.

With uniparental inheritance, a haploid genome, multiple copies within a cell,
and a replication cycle that is independent of the cell cycle, mitochondria population
genetics are markedly non-Mendelian. Numerous questions remain in mitochon-
drial population genetics theory, such as the effect of dominance in the context of
unique mitochondrial biology. Using simulations, we determined the fixation prob-
abilities of advantageous mtDNA mutations under various modes of dominance and
levels of polyploidy within a cell. The effect of a bottleneck and multiple cell lines
(somatic and germ) with different selective pressures was investigated. The effect
of increasing drift on fixation probabilities depends on the mode of dominance: re-
cessive mutations become more likely to fix, but dominant mutatinos become less
likely to fix. These results support the theory that drift plays a fundamental role in
maintaining evolutionary stability of mitochondria by increasing the genetic varia-
tion among offspring, but suggests that the efficiency of this mechanism involves a
more complex interaction between dominance and drift than previously thought.
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Chapter 1

Introduction to mitochondrial
population genetics

Mitochondria have long since outgrown their nickname as the power-houses of the
cell. With the exception of mature red blood cells and some protozoan, mitochon-
dria can be found performing numerous essential functions in nearly all eukaryotic
cells (Cummins, 1998). From ATP production and metabolism to apoptosis and
detoxification, fertility and longevity to anthropology and conservation, mitochon-
dria have become not just an important subject but an important tool in biological
studies. These semi-autonomously self-replicating organelles contain a genome
with physical characteristics, mechanisms of inheritance, and overall genetic be-
haviour that is distinct from the nuclear genome. Despite decades of research
and the identification of major forces shaping mitochondrial evolution, many basic
questions remain. How does the interplay between drift and selection in the context
of non-Mendelian mitochondrial genetics? How certain can we be about funda-
mental assumptions made of mitochondrial population genetics? This introduction
to mitochondrial population genetics is a springboard into these far-reaching ques-
tions.

1.1 An endosymbiotic origin

The connection between bacteria and the origin of mitochondria was first made in
1890 (Kutschera and Niklas, 2005) when it was reported that mitochondria shared
similar staining properties with free-living microbes (Altmann, 1890). However,
this suggestion was overlooked by the greater scientific community and it was not
until almost a century later that Margulis (1970) revisited and updated the theory to
the serial theory of endosymbiosis. This theory posits that multiple endosymbiosis
events occurred to produce the mitochondrial and later, the plastid, lineages. The
first endosymbiotic event. which lead to the origin of mitochondria, likely occurred
between 2200 and 1500 MYA when a-proteobacteria capable of oxidative phospho-
rylation were engulfed by archaea-like host cells, producing an organism capable of
cellular respiration. Evidence supporting this widely accepted theory 1s based upon
numerous similarities between mitochondria and eubacteria DNA, ribosomes, and
membranes.

[§9)



CHAPTER 1. INTRODUCTION 3

1.2 Function and disease

Mitochondria play an essential role in metabolism and apoptosis (Wallace, 1999).
In the final step in aerobic metabolism, oxidative phosphorylation, various metabo-
lites are oxidized and their electrons are transported down a chain of proteins on the
inner mitochondrial membrane, producing a proton gradient within the mitochon-
dria. The energy stored in the proton gradient drives the production of ATP, which is
used as energy throughout the cell. Apoptosis, or programmed cell death, involves
the clustering of mitochondrial proteins to form pores at points where the inner and
outer membranes meet. Upon opening, these pores release factors and enzymes
into the cytoplasm, leading to cell death. The formation and opening of the pore
can be induced by low energy output, excessive intake of calcium ions, or excessive
exposure to reactive oxygen species produced during oxidative phosphorylation.

Proper function of mitochondria depends on both mitochondrial and nuclear
genes, which have markedly different genetic characteristics. Since endosymbio-
sis, most genes encoding mitochondrial proteins and regulating mitochondrial pro-
cesses have introgressed into the nucleus. This leads to interesting population dy-
namics, as the fitness of mitochondria is not just related to mtDNA, but the nuclear
DNA background as well. Incompatibilities between the mitochondrial and nuclear
genomes act as post-zygotic reproductive barriers, and probably play an important
role in speciation (Cummins, 1998; Lee ef al., 2008).

Base substitutions and rearrangements in mtDNA are associated with a wide
range of medical conditions; infertility (Reynier ef al., 2001; May-Panloup et al.,
2003), neurological degeneration (Howell, 1997), cardiovascular disease (DiMauro,
2001), and cancer (Wallace, 1999; Jakupciak et al., 2008) are just a few examples.
Mutations in genes encoding mitochondrial proteins lead to metabolic disorders
in about one in every 10,000 live births (Smeitink, van den Heuvel and DiMauro,
2001). Individuals with disorders caused by mitochondrial mutations are generally
heteroplasmic, or possess multiple mtDNA alleles (the alternate state of possessing
all genetically identical mtDNA is homoplasmy). The penetrance of such disor-
ders is typically correlated to the tissue or individual’s level of heteroplasmy. Tis-
sues that utilize a high level of oxidative phosphorylation (i.e. aerobic metabolism;
muscles, nerves) are more sensitive to levels of mutant mtDNA (DiMauro, 2001).
mtDNA may be a useful tool in medical diagnosis or screening for certain can-
cers (Jakupciak et al., 2008) and many other disorders (Wong and Boles, 2005).
but without a full understanding of mitochondrial population genetics, the utility of
mtDNA as an accurate predictor is limited.

1.3 Mitochondrial DNA

In evolution and ecology

Animal mtDNA is well suited for high resolution evolutionary studies, such as
those involving short time spans or within-species comparisons. This is owing
to a high copy number, high substitution rate, and unusual pattern of segregation
which produces low intra-population variation but high inter-population variation.
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mtDNA has already facilitated the identification of cryptic animal species (Hebert
et al.,2004), exploration of human migration and origins (Wallace, Brown and Lott,
1999), and they have virtually unlimited applications in conservation and biodiver-
sity monitoring, as well as in phylogenetics and ecology. In fact, numerous interna-
tional projects are currently underway to catalog global biodiversity using standard
extra-nuclear loci, or barcodes. The chosen barcode for animals is cytochrome ¢
oxidase I (COI), and for land plants a 2-locus combination plastid barcode of a
carboxylase and a tyrosine kinase (rbcL+matK) has been selected (Hollingsworth
et al., 2009). Selection of an appropriate marker for fungi is complicated by the
presence of mobile introns; consensus on a fungi barcode has yet to be reached,
although NADH dehydrogenase 6 has been proposed for Ascomycota (Santamaria
et al., 2009).

The utility of animal mtDNA as an evolutionary and ecological tool depends
upon the integrity of certain assumptions made about mitochondrial genetics: that
mitochondrial alleles segregate during mitosis, mtDNA are uniparentally inherited,
and mtDNA loci are tightly linked. These non-Mendelian genetic characteristics
are discussed in later sections.

Genome structure

The animal mitochondrial genome is a circular DNA molecule ranging from 15,000-
17,000 base pairs in length. Each molecule contains 13 protein-coding genes (in-
cluding subunits of NADH-ubiquinone oxireductase, cytochrome ¢ oxidase, H™-
ATP synthase, and cytochrome b), 22 tRNA genes, 2 rRNA genes, some inter-
genic spacers (untranscribed regions), and the D-loop control region which regu-
lates replication. The animal mitochondrial genome lacks splicisomal introns, with
the exception of cnidarian mtDNA (van Oppen et al., 2000), and with only small
variations in genome size and gene order, is considered structurally and evolution-
arily stable.

The mitochondrial genome of plants possesses much more structural variabil-
ity; it can be linear or circular, ranges from 26,000 bp to 2,500,000 bp, has under-
gone frequent rearrangements, duplications, and deletions, and in some plants the
genome is spread across multiple DNA molecules (subgenomic circles). Plant and
animal mitochondrial genomes contain the same genes, but different plants may
carry them in different numbers, and plant mtDNA also includes pseudogenes and
introns (Graur and Li, 2000). From here onward, all references to mtDNA strictly
refers to animal mtDNA.

Polyploidy

Mitochondria and cells contain multiple copies of haploid mtDNA. There are 2-10
genomes per mitochondrion (Nass, 1969a), and up to thousands (Nass, 1969b: Bo-
genhagen and Clayton, 1977) or hundreds of thousands of mitochondrial genomes
in a cell (Piko and Taylor, 1987; Reynier et al., 2001) depending on species, tissue,
and cell type. Human somatic cells contain between 10%-10* mtDNA copies per
cell (Clayton, 1982), and about 10° in mature oocytes (Piko and Taylor, 1987).
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Mitochondrial genomes are arranged within mitochondria in aggregates called
nucleoids. The average mammalian nucleoid consists of 5-7 mtDNA which are
packed into a compact bundle with DNA binding proteins, and tethered to the inner
mitochondrial membrane (Iborra, Kimura and Cook, 2004). Nucleoids may move
to other mitochondria as the organelles undergo fusion and fission.

Mutation rate

Generally, the mutation and substitution rates of animal mtDNA is higher than the
nuclear rates. Although the evolution rate of mammalian mtDNA is often cited as
being 5 to 10 times faster than that of nuclear DNA (Brown, George and Wilson,
1979), there is actually extensive heterogeneity among different regions of mtDNA;
the ratio of mtDNA to nuclear DNA substitution rates range from about 3 in non-
synonymous sites, to about 100 in tRNA. Mammalian mtDNA synonymous and
non-synonymous sites, respectively, evolve at a rate of about 22 and 3 times that
of nuclear DNA. While all mtDNA synonymous sites evolve uniformly, the rate of
non-synonymous mtDNA evolution varies between genes. Cytochrome oxidase I
(COI) is the slowest evolving gene, while ATP8 is the fastest evolving; ATPS is
about 6 times faster evolving than COI (Pesole et al., 1999).

The high mutation rate in animal mtDNA may be due to a combination of rea-
sons including exposure to a high concentration of mutagens, a lower fidelity DNA
replication process, inefficient repair mechanisms, and reduced efficiency of se-
lection. Ninety percent of reactive oxygen species (ROS) produced by the cell are
generated by mitochondria during oxidative phosphorylation (Balaban, Nemoto and
Finkel, 2005). Although mitochondria possess enzymes to convert the majority of
ROS to safer materials, ROS undoubtedly create an environment conducive to mu-
tations, particularly as mtDNA are not protected by histones. Indeed, numerous
studies have reported increased mtDNA damage with age.

Continual replication, along with lower fidelity DNA replication, increase the
mtDNA mutation rate. Mitochondria replicate continuously throughout the cell
cycle, even in non-dividing cells. In addition, the error rate of mitochondrial DNA
polymerase ~y is 1 in 1 x10° to 20 x 10°, while the error rate in nuclear DNA is 1 in
109 to 10'° (Johnson and Johnson, 2001).

Unlike the nucleus, mitochondria do not use a nucleotide excision repair mech-
anism of for DNA repair. Mitochondria rely upon the less efficient mismatch re-
pair mechanism, which in mammals, appears to be missing important components.
Whether this means the mitochondrial repair mechanisms in mammals performs
at a reduced level compared to other mitochondria, or whether mammals utilize
an unconventional method of mismatch repair is unclear (Mason and Lightowlers,
2003).

Purifying selection may be reduced in mtDNA compared to nuclear DNA. Al-
though mtDNA polyploidy is thought to protect against deleterious mutations by
compensating for damaged mtDNA, which may be lost through drift or selection
during cell division (Mason and Lightowlers, 2003), if the mutation is recessive,
the mutation will be masked by the other mtDNA copies. Studies have shown that
bottlenecks (Roze, Rousset and Michalakis, 2005) and linkage (Birky and Walsh,
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1988) will also reduce the efficiency of selection.

1.4 Non-Mendelian genetics

Despite a high mutation rate, cells and mitochondria are typically homoplasmic.
This is due to the non-Mendelian nature of mitochondrial genetics which generally
acts to increase the influence of drift on mitochondrial evolution. Genetic drift (or
simply “drift”) refers to changes in allele frequency due to stochastic processes.
That is, the allele frequency can change due to chance differences between mtDNA
in replication, mitochondrial turnover and/or segregation. With each drift event,
allele frequencies slightly increase or slightly decrease. An increase or a decrease
are equally likely to happen, but whether drift produces fixation or loss is a function
of the number of drift events, the initial allele frequency, and the population size.
The effect of drift is most evident in small populations, where even small chance
changes in frequencies can lead to rapid fixation or loss. Once an allele is fixed or
lost, the allele frequency is constant until the next mutation.

Although there is variation in fixation rates among different animal species, fixa-
tion of mammalian mitochondrial mutations is rapid. For example, a mitochondrial
mutation fixed in 2-3 generations in cows (Ashley, Laipis and Hauswirth, 1989), but
in many more generations in insects (Rand and Harrison, 1986). The difference in
segregation rate likely reflects a higher number of segregating mtDNA molecules in
insects — an order of magnitude greater than the number of segregating mtDNA in
mammals (Ashley, Laipis and Hauswirth, 1989), and hence, decreased sensitivity to
drift. The number of segregating mtDNA (i.e. the effective population size, N, of
mtDNA) is related to not only the number of mtDNA/cell, but the extent of mtDNA
structuring in nucleoids, and bottlenecks. If nucleoids are homoplasmic, the N,
of mtDNA will decrease as the number of mtDNA/nucleoid increase (Khrapko,
2008) because mtDNA in the same nucleoid will segregate together. Differences in
segregation rate could also be due to the presence of a tighter bottleneck in mam-
malian oogenesis (Ashley, Laipis and Hauswirth, 1989). Bottlenecks decrease the
N, of mtDNA, but how this affects mitochondrial evolution remains under debate.
Although it is generally accepted that bottlenecks contribute to the genetic load
of mitochondria, studies have shown that bottlenecks and other forms of within-
generational drift can increase the efficiency of selection by increasing genetic vari-
ance among offspring (Bereiter-Hahn and Voth, 1994; Takahata and Slatkin, 1983)
when there is strict uniparental inheritance (Rokas, Ladoukakis and Zouros, 2003).

Drift within and between generations

Replication and segregation of the nuclear genome into daughter cells during mito-
sis is highly regulated compared to the mitochondrial genome (Birky, 2001). The
nuclear genome is replicated once during interphase, and each daughter cell re-
ceives one copy. Since nuclear homologous alleles do not segregate during mitosis,
heterozygous parents will faithfully produce heterozygous daughter cells. In con-

trast, mitochondria are continually splitting and being replaced on a schedule that is
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independent of the cell cycle, with some copies replicating more often due to chance
or selection (Birky, 1983). Since partitioning of mitochondria during cytokinesis
occurs stochastically, daughter cells will not necessarily inherit the parental geno-
type. As a result, heteroplasmic cells will often produce homoplasmic daughters.
This pattern of within-generational drift is termed vegerative segregation, and oc-
curs through both mitosis and meiosis. Since segregation is a random process in
mitochondria, alleles do not necessarily segregate evenly into gametes. This is in
contrast to nuclear alleles, which always segregate evenly during meiosis such that
each gamete receives a copy of each allele (“Mendel’s First Law of Segregation™).

Uniparental inheritance

Mitochondria are maternally inherited in most eukaryotes. The mechanism can
vary between organisms, but generally, maternal inheritance is ensured by the fact
that oocytes contain about 1000 times more mtDNA than sperm, and by targeting
of sperm mtDNA for degradation after fertilization. Although these mechanisms
are not foolproof (e.g. paternal leakage, which according to Rokas, Ladoukakis and
Zouros (2003), is more likely in inter-specific hybrid crosses), generally the only
way for heteroplasmy to arise is through new mutations (Birky, 2001). However,
with to random partitioning of parental mitochondria into daughter cells and low
initial frequency of any new mutations, a heteroplasmic parent for a new mutation
will likely produce homoplasmic daughters, leading to the loss of the mutation.

Though rare, instances of human individuals possessing multiple mitochondrial
alleles due to paternal leakage have been recorded (Kraytsberg ez al., 2004). How-
ever, the extent of paternal leakage in mammals has yet to be determined.

Mussels (families Mytilidae and Unionidae) utilize doubly uniparental inheri-
tance and are therefore an exception to the usual maternal inheritance. Male bivalve
mussel oocytes do not eliminate paternal mtDNA after fertilization. The result is
that male mussels retain both maternal and paternal mtDNA, which can differ by
more than 20% (Hoeh ef al., 1997). Nevertheless, paternal and maternal mtDNA
are rarely found in the same tissues or cells.

Complete linkage

Alleles of different nuclear genes will segregate independently of each other
(“Mendel’s Law of Independent Assortment™). This is due to physical separation,
being on different chromosomes or via cross-overs during metaphase. Genes on
different chromosomes are obviously physically separated, and genes on the same
chromosome can be separated via cross-overs during metaphase. In contrast, the
entire mitochondrial genome is contained on a single molecule. As a result, mito-
chondrial loci do not segregate independently of loci on the same mtDNA molecule.
An exception to this rule is the bivalve mussel, in which recombinant mtDNA has
been found (Ladoukakis and Zouros, 2001). Nevertheless, recombination is as-
sumed not to occur in animal mtDNA.
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1.5 Controversies

Although mitochondria fitness is closely tied to host fitness, the strength of selec-
tion will be reduced due low N.. With a high mutation rate, low /., and a lack
of recombination, it is unclear how mtDNA stability has been maintained since the
first endosymbiotic event over 1 billion years ago. Perhaps the combination of evo-
lutionary forces which would lead to melt-down of the nuclear genome do not affect
the mitochondrial genome the same way. Or perhaps some aspect(s) of our current
assumptions regarding mitochondrial genetics is wrong. Only further research into
the unique biology of mitochondria and mtDNA will help address these puzzling
issues.

Recombination in animal mtDNA

Virtually all animal models of population genetics in animal studies assume no
recombination in mtDNA. Although recombination has been detected in animal
mtDNA, empirical evidence of recombination remains rare. This may be because
the m ajority of animal mtDNA does not recombine, or recombines at a level be-
low levels of empirical detection. In response to the latter, numerous indirect tests
have been developed, which utilize statistical methods of analyzing mtDNA to de-
tect recombination. Using indirect tests, recombination has been detected in a wide
range of animal mtDNA, from nematodes to birds, to fish and primates. Although
mutation rate heterogeneity in the form of mutation hot spots (local regions with
higher-than-average mutation rate) may be an alternative explanation to recombi-
nation, it remains overlooked in favour of recombination. In Part II, we evaluate the
performance of indirect tests for recombination using simulations of mutation rate
heterogeneity.

Muller’s Ratchet

Recombination can improve the fitness of a population by combining sequences
that each contain advantageous mutations, creating a recombinant sequence that
may contain all advantageous mutations. Without recombination, the only way for
a sequence to contain multiple mutations is if an advantageous mutation occurs mul-
tiple times on the same sequence. Otherwise, the two sequences will compete with
each other, decreasing the fixation probability of both advantageous alleles. Re-
combination also provides a way of reducing the genetic load, or accumulation of
deleterious mutations. Without recombination, the only way for a sequence to rid it-
self of a deleterious mutation is with recurrent mutations at that site. In other words,
asexually reproducing entities such as mitochondria, which do not recombine, will
continue to irreversibly accumulate deleterious mutations, inevitably leading to a
mutational melt-down of the genome. This prediction is called Muller’s Ratchet, a
term first coined by Felsenstein (1974). How mitochondria escape Muller’s Ratchet
is the focus of virtually all studies in mitochondrial population genetics.

Numerous aspects of mitochondrial genetics are thought to contribute to
Muller’s Ratchet by decreasing N, and consequently, decreasing the effectiveness
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of selection. For example, linkage decreases N, even if the linked loci do not in-
teract. This effect, which is called the Hill-Robertson effect, has been demonstrated
through mathematical and simulation studies where complete linkage decreases fix-
ation of advantageous mutations but increases fixation of deleterious mutations,
regardless of whether these alleles are linked to a deleterious mutation or advan-
tageous mutation. Fixation of neutral mutations is determined by N, but, being
independent of selection, will be unaffected by linkage to selected sites, be they
deleterious or advantageous (Birky and Walsh, 1988).

High levels of drift have been suggested as a mechanism by which mitochon-
dria slow or even stop Muller’s Ratchet. Simulations of within-generational drift
(Takahata and Slatkin, 1983) and tight bottlenecks (Bereiter-Hahn and V&th, 1994)
increased the rate of fixation for advantageous mutations, while decreasing fixa-
tion of deleterious mutations. This is thought to happen by increasing the variation
among offspring, thereby increasing the effectiveness of selection, despite the re-
sulting decrease in the size of the highest fitness class.

How mitochondrial mutations spread through a cell, individual, or population
has been studied theoretically but lacks quantitative answers. This is in part due
to the difficulty in detecting mitochondrial heteroplasmy at extremely low frequen-
cies, such as when the mutation initially arises. In Part III, we determined fixation
probabilities of mitochondrial mutations under different population parameters. In
particular we were interested in observing the effect of the mode of allelic interac-
tion. Although haploid on the genome level, the degree of dominance of a mutation
is an important consideration on the level of the organelle, cell, and individual, as
this will affect the expression on a polyploid background. Drift affects fixation at
every level of the mtDNA population and depending on the mode of allelic inter-
action, may be offset by selection. The purpose of these simulations, then, is to
compare the influence of drift versus the influence of selection on mitochondrial
mutation fixations, under different degrees of dominance.
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Chapter 2

Recombination in cercopithecine
mtDNA

2.1 Abstract

Overlooking recombination during phylogenetic reconstruction will produce trees
resembling those undergoing exponential population growth. Due to a unique pop-
ulation structure, cercopithecine monkey phylogenies will also resemble exponen-
tially growing populations. Recombination has been detected in cercopithecine
mtDNA using statistical tests, which have been shown to have elevated false pos-
itive rates under biologically extreme conditions. Here, we evaluate the perfor-
mance of three common recombination tests under cercopithecine models of evo-
lution. The number of segregating sites, nucleotide diversity, I'-distributed rate
heterogeneity, population growth, and population subdivision were estimated from
cercopithecine mtDNA and simulated without recombination. When sequences are
simulated without exponential population growth or population subdivision, most
recombination tests (Max y? Global, and GENECONV Global) do not return a sig-
nificant level of false positives, although Reticulate is more susceptible to false
positives at extreme rate heterogeneity (smaller I" shape parameter, ) and high lev-
els of divergence (Posada and Crandall, 2001). A cercopithecine mtDNA model
of population structure and growth produce elevated false positives in one test,
GENECONV Local.

2.2 Introduction

Different parts of a recombined sequence possess different evolutionary histories.
If recombination is not accounted for, this contradiction leads to an overestimation
of mutation rate heterogeneity (Galtier ef al., 2006; Schierup and Hein, 2000) and
the number of substitution events (Schierup and Hein, 2000; Eyre-Walker, Smith
and Maynard Smith, 1999). With longer terminal and total branch lengths, shorter
basal branches, and an underestimated time to the most recent common ancestor, the
phylogeny would resemble that of an exponentially growing population (Schierup
and Hein, 2000).

11
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Long terminal branch lengths and short internal branches are also characteris-
tic of phylogenies built from highly diverged subpopulations, such as the mtDNA
of cercopithecine monkeys. Cercopithecine monkeys, a sub-family of Old World
monkeys, are organized by female philopatry, a form of population structure where
females spend their lives in their natal groups while males disperse and migrate be-
tween groups. This restriction on mtDNA gene flow, coupled with a high mtDNA
mutation rate (Brown, George and Wilson, 1979) results in very low levels of diver-
gence within subpopulations but high levels of divergence between subpopulations
and between species (Melnick and Hoelzer, 1992).

In a survey of mtDNA from 267 diverse animal species (Piganeau, Gardner and
Eyre-Walker, 2004), five mammals were identified as being among those with the
strongest evidence for recombination. Of the five mammals, three were cercop-
ithecine monkeys: the Guinea baboon; Papio papio, the Pigtail macaque; Macaca
nemestrina, and the Mandrill; Mandrillus sphinx. The support for recombination
was obtained through indirect tests, which scan the alignment for signals left be-
hind by recombination events, such as an uneven distribution of matches and mis-
matches, regions with high sequence similarity, and a correlation of linkage dise-
quilibrium with distance. Given that overlooking recombination will produce data
that resembles exponentially growing populations, and that recombination has been
indirectly detected in a sub-family of animals whose mtDNA likely resembles that
of exponentially growing populations, it may be that the indirect tests for recom-
bination are producing false positives in the face of high sequence divergence and
exponential growth.

Numerous statistical tests have been developed to detect signals left behind by
recombination events, such as an uneven distribution of polymorphic sites (May-
nard Smith, 1992; Posada and Crandall, 2001), regions with high sequence simi-
larity (Sawyer, 1989), clustering of phylogenetically incompatible sites (Jakobsen
and Easteal, 1996), or a high correlation of linkage disequilibrium with physical
distance (Piganeau, Gardner and Eyre-Walker, 2004). When collecting indirect
evidence for recombination, it is generally recommended that more than one test
be used as the power of indirect tests can vary widely under different conditions
(Posada and Crandall, 2001; Posada, 2002; Wiuf, Christensen and Hein, 2001). Six
of the most widely used and powerful indirect tests for recombination (Posada and
Crandall, 2001; Posada, 2002; Wiuf, Christensen and Hein, 2001; Bruen, Philippe
and Bryant, 2006) are described in Section 2.3.

Previous studies have evaluated indirect recombination tests due to extreme rate
heterogeneity, high levels of divergence (Posada and Crandall, 2001), and combi-
nations of these conditions with exponential growth (Bruen, Philippe and Bryant,
2006), and have found conditions where indirect tests can be susceptible to a high
false positive rate. However, the conditions where this occurs were not necessarily
within the realm of biological reality. In this study, species-specific models of evo-
lution were estimated from cercopithecine mtDNA using Bayesian likelihood: the
proportion of segregating sites (Ss) and nucleotide diversity (7, the average number
of site differences between two sequences), site-specific substitution rate hetero-
geneity, population structure, and exponential population growth. Recombination
tests were evaluated against simulations built under these models, and the level of
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false positives returned was quantified.

2.2.1 Auto-correlated rate heterogeneity

Mutation hot spots, or localized regions with higher than average substitution rates,
are often suggested as an alternative explanation to recombination in mtDNA. Yang
(1995) proposed an auto-discrete-I" model which goes a step beyond the traditional
application of the I distribution, taking into account the spatial distribution of sites
along a sequence. That is, in Yang (1995)’s “auto-discrete-I" model”, substitution
rate heterogeneity is modeled upon a I distribution (which for computational pur-
poses uses a discrete distribution to approximate the continuous one), but here, the
rates of adjacent sites are correlated and Markov-dependent. Markov dependence
is a characteristic where the rate of a site at position n is specified by the rate at site
n — 1, but is independent of all other sites, including otherwise preceding sites (at
positionn — 2, n — 3, n — 4 ... ef cetera), and for simplicity, any sites after position
nn+1,n+2,n+3.. ef cetera).

Bruen, Philippe and Bryant (2006) showed that a 0.9 correlation parameter for
the auto-discrete-gamma model, p, will produce a significantly elevated level of
false positives from the tests Max y? and NSS (also known as Ret iculate) when
either

1. nucleotide diversity is at least 25%, or

2. nucleotide diversity is at least 10% with extreme rate heterogeneity (shape
parameter, « = 0.1)

and either
1. the population is growing with rate 7 = 5000\ per generation, or
2. sample size is large (N = 50).

The recombination tests of linkage disequilibrium (as measured by 7 and | D'|) did
not falsely infer recombination with these conditions.

2.3 Method

2.3.1 Recombination tests

In this section the theory behind five tests for recombination will be briefly de-
scribed. These five were chosen because they are among the most commonly used
indirect tests of recombination, and have been used to detect recombination in an-
imal mtDNA (Piganeau, Gardner and Eyre-Walker, 2004; Tsaousis er al., 2005).
The tests are GENECONV global, GENECONV local, Max \? global, Max x? local,
and Reticulate.

GENECONV (GC) searches for evidence of gene conversion (a non-reciprocal
form of recombination where a locus is copied over a locus in another sequence)
by searching the alignment for highly similar pairs of sequences. To do this,
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GENECONV first removes all invariant sites from the alignment, leaving only poly-
morphic sites for consideration. Each pair of sequences is compared and regions of
the sequences, or fragments, are identified which are either unusually long stretches
of perfect matches, or are unusually similar. Similarity is based on a scoring system
where a matching site adds 1 to the score, but a mismatch is penalized accord-
ing to a user-defined mismatch-penalty. The optimal mismatch penalty depends on
the rate of mutations relative to the rate of gene conversion. In terms of power,
a higher mismatch penalty is a more conservative setting that is better suited for
detecting recent gene conversion events or when the mutation rate is much lower
than the recombination rate. The mismatch penalty is set by specifying a parameter
called the gscale. In this study a gscale of 0 was used, which equates to an infi-
nite mismatch penalty. That is, with a gscale of 0, GENECONV will only consider
fragments of perfect matches. Data without recombination is created by permut-
ing sites and scoring the resulting fragments. The significance of each fragment’s
similarity score is compared to the similarity scores of fragments from data without
recombination, and is assessed in two contexts: globally or locally. The number
of permutations, 10, and gscale, 0, are the same as those used in studies reporting
widespread recombination in animal mtDNA (Piganeau, Gardner and Eyre-Walker,
2004; Tsaousis et al., 2005).

In the global comparison, GENECONV Global (GCG), sites in the entire se-
quence alignment were permuted and fragments are compared to the fragments be-
tween all possible sequence pairs. The GENECONV Global test uses a built-in cor-
rection to correct for the multiple fragment comparisons between sequence pairs.

The local comparison, GENECONV Local (GCL), differed from GENECONV
Global in three ways. The first is that analysis is conducted on three sequences
at a time, instead of the entire alignment. A Bonferroni correction was used to
correct for elevated false positives due to multiple comparisons within the same
data. Although the Bonferroni correction is over-conservative and other methods
of multiple-test corrections exist (Nakagawa, 2004), we used a Bonferroni correc-
tion because it was used to detect recombination in animal mtDNA (Tsaousis e al.,
2005). Secondly, significance is assigned using a BLAST-like scoring system rather
than permutations. GENECONV Local is much more computationally intensive than
GENECONV Global because it analyzes every combination of three sequences in
the alignment. To mitigate this issue, Tsaousis e al. (2005) used a less accurate but
faster modified BLAST scoring system (Altschul, 1993). The modification corrects
for the fact that closely related sequences are more similar than distant sequences,
and will therefore contain more significant fragments. GENECONV Local removes
this bias by correcting fragment lengths and similarities by the evolutionary distance
of sequence pairs. Thirdly, the gscale was changed from 0 to 1, allowing fragments
to contain mismatches. This is justified in Tsaousis e al. (2005) by the drop in data
available when comparing three sequences, rather than the whole alignment, at a
time.

GENECONV analysis involves two types of fragments: inner and outer frag-
ments. Inner fragments are interpreted as evidence for gene conversion between
ancestors of two sequences present in the alignment. Up to this point, this explana-
tion of GENECONV has only considered inner fragments. Outer fragments are used
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as evidence for gene conversion between ancestral sequences of a sequence in the
alignment and one other that cannot be identified. An ancestral sequence cannot be
identified if its descendant sequence is missing from the alignment, or if subsequent
mutations and/or gene conversions have distorted the gene conversion sequence be-
yond recognition. Scoring outer fragments is analogous to scoring inner fragments.
A site containing a unique base is like a match, adding 1 to the score, but a site
containing a non-unique base is like a mismatch, and is penalized according to the
gscale. When the gscale = 0, an outer fragment possesses a unique base at every
polymorphic site. Outer fragments must be bounded on at least one side by a match-
ing polymorphic site. In this study, cases when both inner and outer fragments were
considered are abbreviated as GCG or GCL, and cases when only inner fragments
were considered are abbreviated as GCI or GCLI. While some studies include outer
fragments in the GENECONV criteria (Tsaousis ef al., 2005), others specifically do
not (Piganeau, Gardner and Eyre-Walker, 2004).

Max x? is a test to identify recombination breakpoints within a sequence align-
ment. This method was first proposed by Maynard Smith (1992), and is widely con-
sidered to be the best general test to detect recombination (Posada, 2002; Posada
and Crandall, 2001). Max ? assumes that in the absence of recombination, poly-
morphisms are evenly distributed among sites and between sequences. Invariant
sites are first removed from the alignment. A sliding window is used to test each
sequence pair by comparing the number of matches and mismatches in both halves
of the window: that is, the middle of the window is the location of the potential
breakpoint. To determine the significance of the difference in matches and mis-
matches on either side of the potential breakpoint, a 2 x 2y? value is calculated for
each window, and is tested for significance using 100 permutations. If fewer than
10 permutations had a \? value greater than or equal to the observed, the permu-
tation test was repeated with 1000 permutations. This study used the same imple-
mentation and window settings as Piganeau, Gardner and Eyre-Walker (2004): a
maximum window half-size of 5 variable sites, and a sliding window step size of
2bp. The implementation is a modification of Posada and Crandall (2001) where
the entire length of the alignment is analyzed, and only windows with expected ?
greater than 2 are considered. According to Piganeau, Gardner and Eyre-Walker
(2004), these modifications improve the power of Max \? while maintaining the
same false positive error rate. Max y? local is identical to Max y* global except
that the analysis is conducted on three sequences at a time, rather than the whole
alignment.

Reticulate (Jakobsen and Easteal, 1996), also known as NSS, compares
pairs of informative sites to detect homoplasies. Pairs of sites are labelled as being
incompatible (homoplastic) or compatible, and the significance of the clustering
of incompatible sites is assigned by Neighbour Similarity Score (NSS) and per-
mutation test. This method works best on relatively large alignments with well-
diverged sequences and, according to the documentation, can detect recombina-
tion that changes tree topology but cannot detect recombination that only changes
branch lengths. Reticulate first identifies all phylogenetically informative sites
in the alignment. Informative sites are sites where the alignment contains at least 2
alleles, each of which is present in at least 2 samples. In this study, sites with more
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than 2 states were ignored. For each pair of informative sites the most parsimonious
tree is generated. If the tree created from the two sites does not contain any recur-
rent or convergent mutations (homoplasies), the two sites are deemed compatible.
Conversely, if the sites cannot produce the same tree without invoking homoplasy,
they are labelled incompatible. A compatibility matrix is created where each row
and column corresponds to an informative site in the order that they appear in the
alignment. Each entry;; is coloured either black or white, indicating site; and site;
are either incompatible or compatible. The Neighbor Similarity Score (NSS) is the
average number of adjacent incompatible or compatible cells in the matrix and rep-
resents the degree of clustering of similar sites. The order of sites in the alignment
was permuted 1000 times to calculate the significance of NSS.

The tests LD|D’| and LD|D’| (Piganeau, Gardner and Eyre-Walker, 2004) calcu-
late the correlation between distance and | D’| or 72, respectively, then assign a level
of significance according to a permutation test. Code provided in Piganeau, Gard-
ner and Eyre-Walker (2004) was used to conduct the linkage disequilibrium tests
LDr” and LD|D’|. The original program included a correction for circularity of hu-
man mtDNA sequences. This correction was removed for our analysis because our
sequences are non-human and cover 3 loci at the most. In hindsight, the removal
of this correction is unnecessary, but should not affect the results because the se-
quence lengths do not nearly approach the complete length of mtDNA. These tests
were included in the Sulawesi models with population structure and exponential
growth.

2.3.2 Macaque-specific simulations

Ten partial Macaca nemestrina CYTB sequences, 859bp in length, were col-
lected from Genbank; accession numbers AF350388 - AF350391 and AF350394
- AF350399. A distribution of parameters was estimated using MrBayes (Huelsen-
beck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) under a GTR+I"+codon
position model. Analysis ran for 5,000,000 generations, of which the first 1,000,000
generations were discarded as the burnin. Parameters were sampled every 100 gen-
erations. One-thousand replicate trees were simulated using ms (Hudson, 2002).
Each tree contained 10 taxa, and each taxa contributed one 859bp sequence to the
simulation; the same sample size and sequence length as the Macaca nemestrina
CYTB data. Sequences were simulated using Seg-Gen (Rambaut and Grassly,
1997) under a GTR+I"+codon position model of evolution.

A second dataset (Evans ef al., 1999) was gathered from Genbank, representing
7 macaque species from the Indonesian island of Sulawesi. This dataset (here-
after referred to as the Sulawesi macaques), consisted of 18 sequences including
complete ND3, partial ND4L, and complete ND4. tRNA regions were included in
MrBayes analysis but only parameters estimated from coding regions were used
in simulations. Accession numbers of this group are AF091400 - AF091429. Popu-
lation structure and exponential growth parameters for the Sulawesi macaques was
modeled following the approach in Evans ef al. (2008).
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2.3.3 General growth model simulations

Random trees were generated using ms from which sequences were created using
Seqg-Gen. Sequence length was 1200bp, which is in the range of many mtDNA
datasets. A range of ¢ and exponential population growth (/7) was used to simulate
sequences, which were then tested for recombination using Max y?, Reticulate,
and GENECONV without outer fragments, and GENECONV with global fragments.
(3 relates to population size as

N(t) = N,e P (2.1)

where N (t) is the population ¢ generations before the present and N, is the present
population size. Time is measured in 4N, generations. GENECONV local and Max
x? local were also tested, as these tests were used in Tsaousis ef al. (2005). A
sample size equal to Sulawesi macaque sample size (N = 18) was used, plus up to
three others (N = 9, 27, or 54) which were evenly spaced to test the effect of sample
size. When possible different sample sizes were tested, but due to time constraints
the larger sample sizes were not always feasible to test.

2.3.4 Cercopithecine auto-correlated rate heterogeneity

Sequences were analyzed under the auto-discrete I' model using MrBayes. Anal-
ysis ran for 5,000,000 generations with a burnin of 1,000,000 generations, and sam-
pling every 100 generations. The total number of parameter samples used to form
the distribution was therefore 8 x 10%.

2.4 Results

2.4.1 Macaca nemestrina segregating sites and nucleotide
diversity

The number of segregating sites (Ss) and nucleotide diversity (7) of M. nemest-
rina CYTB was calculated using a program written in Perl; 140 Ss and 0.0309
7. Through trial-and-error, a ¢ (defined as 4N y) of 0.07 was used as it produced
simulated datasets with approximately the same Ss and 7 as the Macaca nemestrina
CYTB data; an average of 145.21 Ss and 0.0304 7 for 1000 simulations. No tests
detected an elevated level of false positives (Table 2.1). These results indicate that
the specific Ss and 7 of M. nemestrina alone will not produce a significant level of
false positives for recombination, although the level of false positives returned by
GENECONV global is somewhat elevated at 8.9%.

2.4.2 Macaca nemestrina I'-distributed rate heterogeneity

The shape parameter for a I'-distributed rate heterogeneity of the M. nemestrina
data set was determined by MrBayes (Huelsenbeck and Ronquist, 2001; Ron-
quist and Huelsenbeck, 2003) using a GTR+I +codon position model. Analysis ran
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Table 2.1: Percent false positives for recombination out of
1000 simulations of Macaca nemestrina Ss and 7.

GENECONV global Max y” global Reticulate
8.9 6.3 4.1

Table 2.2: Percent false positives out of 1000 simulations of
Macaca nemestrina Ss, m and rate heterogeneity.

GENECONV global Max y” global Reticulate
6.6 4.9 4.9

for 5,000,000 generations, of which the first 1,000,000 generations were discarded
as the burnin. The average shape parameter for I'-distributed rate heterogeneity
was 24.146. Although the MrBayes estimated shape parameter was 24.146, a
shape parameter of 24.0 with § = 0.07 better approximated the Ss and 7 of the
Macaca nemestrina dataset, on average. This modification is necessary because the
MrBayes estimated parameters are likelihood maximized based on the Macaca
nemestrina consensus tree, but we are interested in parameters for a wide range of
simulated trees. The average Ss for 1000 replicates was 156.161 and average 7 was
0.0294. Simulations of the Macaca nemestrina CYTB level of diversity and rate
heterogeneity did not produce a significant level of recombination false positives
(Table 2.2).

2.4.3 Sulawesi macaque population structure

Population structure was investigated as a potential source of false positives in Su-
lawesi macaque mtDNA. To approximate the sequence length and sample size of
the Sulawesi macaque data, datasets 1200bp in length with 18 sequences/simulation
were used. Using the approach in Evans er al. (2008), a 68 deme model matching
the shape of Sulawesi with maximum likelihood estimated migration rate (m = 1.9)
was used to simulate Sulawesi macaque mtDNA. The migration rate and deme
structure were supplied to ms, which uses an infinite sites model to produce trees.
These trees were then passed to Seg-Gen (GTR+I+I"+codon position), which uses
a finite sites model. Since Seg-Gen uses a finite sites model but ms uses an infinite
sites model, the maximum likelihood estimated ¢, once passed to Seg-Gen with the
ms created infinite sites tree, produced Ss and 7 that was significantly higher than
the Sulawesi Ss and 7 we wished to model. To remedy this, a § = 0.0014 was used.
which produced an average Ss and 7 of 19.4% and 7.0% respectively. Although
the simulations matched the Sulawesi on 7, the average Ss was below the target Ss
(24%). Since simply increasing ¢ to increase Ss would lead to an overestimated
7, simulations were filtered based on 7 to test for false positives at a range of Ss
and 7 close to the Sulawesi mtDNA values. GENECONV global and GENECONV lo-
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Table 2.3: Percent false positives under Sulawesi macaque
deme model, for Ss and 7 that approximate Ss and 7 of the
Sulawesi macaque dataset. Labels are as follows: GCG;
GENECONV global, GCI; GENECONV global inner fragments
only, GCL; GENECONV local, GCLI; GENECONV local inner
fragments only, MXG; Max y? global, MXL; Max y? local,
RET; Reticulate, LDR; LDr? LDD; LD|D'|. Bottom rows
summarize results of simulations filtered (Filt.) on 7.

Avg. Ss Avg.m GCG GCI GCL GCLI MXG MXL RET LDR LDD

19.4 7 73 49 688 465 59 44 36 54 47
Avg. Ss Filtt. 7 GCG GCI GCL GCLI MXG MXL RET LDR LDD
18.6 6 7.8 52 658 468 52 48 46 49 46
20.3 7 83 53 760 556 5.1 54 60 56 67
22.0 8 73 43 81.8 570 5.1 51 58 56 47

Table 2.4: Percent false positives under Sulawesi macaque
growth model. Labels are as follows: GCG; GENECONV
global, GCI; GENECONV global inner fragments only, GCL;
GENECONV local, GCLI; GENECONV local inner fragments
only, MXG; Max yx? global, MXL; Max x? local, RET;
Reticulate, LDR; LDr?, LDD;LD|D/|.

GCG GCI GCL GCLI MXG MXL RET LDR LDD
6.9 3.8 395 248 4.1 42 49 58 53

cal produce elevated false positives under a model where Sulawesi macaques have
population structure. GENECONV global consistently found over 7% false positives,
although this can be reduced when outer fragments are ignored. GENECONV local
found an extremely high number of false positives: between 45 - 82% (Table 2.3).

2.4.4 Sulawesi macaque growth model

One-thousand simulations were built from a Sulawesi macaque growth model with
maximum likelihood estimated parameters of § = (0.134 and growth parameter,
a = 4.5 (Evans ef al., 2008). Again a significant level of false positives was not
detected (Table 2.4) in any tests except GENECONV local. GENECONV local found
39.5% and 24.8% false positives, respectively, when outer fragments were and were
not included. This level of false positives is not as high as the level produced under
the deme model, but is significant nonetheless.
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2.4.5 General growth model

To quantify the effect of exponential population growth on the number of false posi-
tives returned, simulations were created under a JC model of evolution. While theta
was varied from 0.01 to 1000, the exponential growth parameter was varied from
0 (no growth) to 10000. Results for GENECONV local, GENECONV global, Max x>
global and local, and Reticulate can be found in Figures 2.1, 2.2, 2.3, and 2.4,
respectively. Except GENECONV local (Figure 2.1), none of the tests produced a
significant level of false positives, although GENECONV global (GCG) appears to
produce between 5-10% false positives almost all the time, regardless of population
growth (Figure 2.2). This suggests it has a higher intrinsic false positive rate, which
is consistent with our previous results. The false positive rate of GENECONV local
is improved by considering inner fragments only, particularly at high values of 6.
In some cases, outer fragments are responsible for an increase of up to 40% false
positives. This is likely because high levels of divergence increase the likelihood
that a sequence will appear significantly different from the rest of the alignment.
The level of false positives increases as the growth parameter, 3, and 6 increase.
Areas where simulations did not produce enough sequence diversity for analysis to
be run are indicated by white space in Figure 2.1. Larger values of [3 require larger
values of § to maintain the same level of diversity. As @ is increased, however, there
comes a point when sites are so saturated with substitutions that any recombination
signal is disrupted.

2.4.6 Cercopithecine auto-correlated rate heterogeneity

The distribution of Macaca nemestrina CYTB dataset parameters under an auto-
discrete-I" model are summarized in Table 2.5. Given that none of the correlation
parameters are near 0.9 and the low nucleotide diversity of the CYTB dataset, an
auto-discrete I model does not contradict evidence for recombination in M. nemest-
rina CYTB.

Parameters of the auto-discrete I' model were also estimated for the third codon
positions of Mandrillus sphinx, another cercopithecine CYTB dataset in which re-
combination was detected by Max y* and LD|D'| (Piganeau, Gardner and Eyre-
Walker, 2004). This dataset consisted of 71 sequences, 267bp long. The number
of segregating sites was 29 and the nucleotide diversity was 0.0078. Although the
third codon positions of this dataset had a sufficiently high correlation parameter,
the extremely low nucleotide diversity of the dataset suggests the auto-discrete I’
model is insufficient to discredit the detection of recombination by Max x?, un-
less the M. sphinx population was undergoing population growth. This statement
is based on an extrapolation of the results of Bruen, Philippe and Bryant (2006).
With sample size 50, population growth of 5000N individuals/generation, and ex-
treme substitution rate heterogeneity (o = 0.1), Max x? finds approximately 20%
false positives at a nucleotide diversity of 0.05 (Bruen, Philippe and Bryant, 2006).
However, differences in the M. sphinx dataset from the Bruen, Philippe and Bryant
(2006) simulations make extrapolating the level of false positives difficult. The
diversity of the M. sphinx sequences is much lower than even the lowest diversity
sequences tested by Bruen, Philippe and Bryant (2006), suggesting M. sphinx is less
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Figure 2.1: GENECONV local under two test criteria with sample size (N) 9 and
18. Colours correspond to percent false positives detected out of 1000 simulations.
Grey circles demarcate batches of 1000 simulations.
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Figure 2.2: GENECONV global under two test criteria with sample size (N) 9 and
18. Colours correspond to percent false positives detected out of 1000 simulations.
Grey circles demarcate batches of 1000 simulations.
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Table 2.5: Summary of shape parameters («) and correlation

parameters (p) for Macaca nemestrina CYTB.

All codon positions

o p
Minimum 0.000401 -0.65612
Ist Quartile  0.183802 -0.20423
Median 0.233785 -0.12854
Mean 0.246014  -0.12408
3rd Quartile  0.294702  -0.05018
Maximum 2.034663  1.00000

3rd codon position

e p
Minimum 0.3828  -0.999925
Ist Quartile 0.4662  -0.587625
Median 28.0106  -0.005544
Mean 57.5077 -0.003252
3rd Quartile. 107.7423  0.580944
Maximum 199.9943  0.999998

2
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Table 2.6: Summary of shape parameters (a) and correlation
parameters (p) of Mandrillus sphinx collected.

Ist codon position 2nd codon position  3rd codon position
Q P Q p o p

Minimum 0.01823 -1.0000 0.03393 -1.0000 0.05392 -1.00000
Ist Quartile 0.04856 -0.9984 0.06859 -0.9994 0.34915 -0.99998
Median 0.06164 09988 0.14412 0.9977 0.37361 -0.99987
Mean 0.08133 03736 0.16478 0.1911 0.35410 -0.09876
3rd Quartile 0.10191 0.9997 0.25840 0.9999 0.39490 0.9999%4
Maximum  0.32725 1.0000 0.38107 1.0000 0.50884 1.00000

likely to produce false positives for recombination. However, the sample size of M.
sphinx is almost 50% larger than the largest simulation sample size; larger sample
sizes, with population growth, produced more false positives in Bruen, Philippe and
Bryant (2006). Finally, Bruen, Philippe and Bryant (2006) tested linear population
growth of 5000N individuals/generation. They demonstrated that higher growth
rates will produce more false positives for Max y? and Reticulate (but not
LDr? or LD|D’'|). With their highly diverged mtDNA populations, M. sphinx will
appear to be undergoing exponential population growth, but the exact magnitude of
the growth rate is unknown.

2.5 Discussion

With the exception of GENECONV Local, unique aspects of macaque population
structure such as exponential population growth, migration, rate heterogeneity, or
sample size did not produce elevated false positives. This is consistent with previ-
ous studies on Max Y? and Ret iculate under linear population growth models
(Wiuf, Christensen and Hein, 2001).

2.5.1 GENECONV Local

GENECONV Local conducts pairwise comparisons to find unusually long regions
(or fragments) of high similarity. GENECONV analysis cannot run unless there is an
adequate level of polymorphisms in the data. If 7 is low, there will be too few poly-
morphisms in most. if not all, pairs of sequences for GENECONV Local to analyze.
As a result, GENECONV Local reports an extremely low level of false positives.
When 7 is significantly high, GENECONV Local often detects an unreasonably high
level of recombination.

In the survey of § and /3 parameter space, GENECONV Local produced elevated
false positives in two regions. The first, and most pronounced, is at low ¢ and low
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3, where up to 85% false positives were returned. The greatest level of false posi-
tives occurs when there is no population growth (5 = 0). As [ increases, the level
of false positives generally decreases. This is because /3 only affects the relative
lengths of branches, not the total tree length. To maintain the same level of di-
vergence (i.e. data for GENECONV), # must be increased as well. As 6 increases,
the level of false positives decreases. This decrease is due to an over-saturation of
substitutions in the sequences. GENECONV detects fragments of high similarity;
when 6 > 0.1, fragments become shorter and less statistically significant. If one
continues to increase ¢, one observes a pronounced increase in the false positives
for GCL, but a diminished or absent increase in GCLI. This indicates the second
increase in false positives is due to increased detection of outer fragments. Outer
fragments are evidence of gene conversion with a sequence that cannot be identi-
fied within the alignment. An outer fragment is identified when a sequence differs
from other sites in the alignment (or triplet) at all (or nearly all) polymorphic sites.
To create this signal without recombination would require many substitutions, and
highly diverged sequences. In other words, more false positives should occur at
high 6 and high 3, which is consistent with the results presented.

Sample size, N, affects the level of false positives, particularly at high levels
of divergence. For example, when outer fragments are included, a larger dataset
will produce many more false positives than a smaller one. However, when outer
fragments are excluded, the smaller dataset produces more false positives than the
larger one. Since @ is proportional to the product of N and mutation rate, for a
given 6, three randomly selected sequences from the N = 9 population will, on av-
erage, be more diverged than three randomly selected sequences from the N = 18
population. Our results suggest there is a trade-off between the number of false
positives returned by inner versus outer fragments. If sequences are very diverged,
mismatches will outnumber matches, and fewer inner fragments will be detected.
However, if mismatches involve unique bases, more outer fragments will be de-
tected. If there are an extreme number of multiple mutations at a site such that mis-
matches do not involve unique bases, outer fragments will not be detected. When
N = 18, the level of pairwise divergence is too high for inner fragments to be de-
tected, but just high enough that mismatches involve unique bases. When N = 9,
there are fewer unique bases and therefore fewer outer fragments, but enough mis-
matches that inner fragments begin to appear significantly similar in comparison.
This last point is only possible because of the relaxed mismatch penalty parameter
in GENECONV Local.

Although local tests have been used as means of detecting recombination in
animal mtDNA (Tsaousis et al., 2005), they are more so intended for identification
of recombining sequences only after recombination has been detected via other
more appropriate methods (Sawyer, 1999).

2.5.2 Auto-correlated rate heterogeneity

Whether an auto-discrete I' model can discredit the detection of recombination in
M. sphinx CYTB is unclear. Simulations from Bruen, Philippe and Bryant (2006)
with a similar level of diversity as this dataset produced approximately 10% false
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positives in Max y? and more than 50% false positives in Reticulate when
a = 0.1. When a = 1, the level of false positives for both tests was less than
10%. Whether the M. sphinx data can be expected to produce similar levels de-
pends on the relative importance of o and sample size. For example, the larger a
of M. sphinx suggests the level of false positives in M. sphinx data would be less
than 10% for Max y? and less than 50% for Reticulate. Conversely, the larger
M. sphinx sample size suggests the level of false positives can be extrapolated to
be greater than the levels reported in Bruen, Philippe and Bryant (2006). Being a
cercopithecine, the M. sphinx population is also structured by female philopatry,
producing highly diverged populations that mimic exponentially growing popula-
tions. Based on the data of Bruen, Philippe and Bryant (2006), the level of false
positives expected of M. sphinx CYTB, given sequence diversity, sample size, and
population growth is at least 50% for Reticulate and at 20 - 40% for Max .

2.5.3 Implications of recombination

Although GENECONV Local is an unreliable test for recombination, the other four
tests did not produce a significant level of false positives. These results demonstrate
that macaque models of population structure and diversity, and general models of
exponential growth do not produce most patterns of recombination. We therefore
do not find convincing evidence against reports of recombination in widespread
animal mtDNA.

Since most mutations are mildly deleterious, mtDNA 1is expected to accumu-
late many deleterious mutations over time. Without recombination, this increased
genetic load would lead to an inevitable genetic melt-down. Some have suggested
bottlenecks (Bereiter-Hahn and Vo6th, 1994) and within-generational drift (Taka-
hata and Slatkin, 1983) as mitochondrial alternatives to recombination, but exactly
how mtDNA overcomes this issue remains unclear. If recombination is a com-
mon occurrence in animal mtDNA, an important aspect of mitochondrial evolution
may be resolved. However, this creates issues in the use of mtDNA in population
genetics studies, as virtually all animal population genetics models assume clonal
inheritance.

Evidence for recombination in human mtDNA was taken by some to signal the
necessity for a reevaluation of mtDNA studies, as the fundamental assumption of
clonal inheritance had been violated (Awadalla, Eyre-Walker and Maynard-Smith,
1999). Although this recombination signal has since been determined to be an
artifact of sampling size (Innan and Nordborg, 2002), it raised the question of how
recombination would change the field of population genetics.

With recombination, different sites in the mtDNA genome may have different
evolutionary histories. Generally, however, uniparental inheritance and vegetative
segregation virtually guarantee all mtDNA within a cell are identical. The mtDNA
of a recombining homoplasmic cell will be indistinguishable from mtDNA of a non-
recombining homoplasmic cell. In other words, homoplasmy makes recombination
evolutionarily arbitrary because clonal inheritance is maintained. Another argument
against a re-evaluation of population genetics is that even if mtDNA sites have dif-
ferent histories, the histories of these sites will be closely correlated. This argument
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assumes recombination is rare, and occurs between closely related species. The
first assumption, that recombination is rare, is doubtful given the detection of re-
combination in about 15% of animal mtDNA alignments tested (Tsaousis et al.,
2005; Piganeau, Gardner and Eyre-Walker, 2004). The second assumption is more
promising. Since proper function of the mitochondria depends on both mtDNA
and nuclear genes, recombination may occur between closely related species if
these species have fewer incompatibilities between the mitochondrial and nuclear
genomes.

Recombination becomes an issue for population genetics when mtDNA of dif-
ferent lineages are present in the same cell. This can occur through intra-species
introgression, i.e. paternal leakage (Kraytsberg ef al., 2004), or interspecies intro-
gression (Niki, Chigusa and Matsurra, 1989; Bernatchez et al., 1995) through hy-
bridization. Hybrid contact zones exist between all parapatric Sulawesi macaques
(Watanabe et al., 1991; Watanabe and Matsumura, 1991; Ciani ez al., 1988; Bynum,
Bynum and Supriatna, 1997; Evans, Supriatna and Melnick, 2001); that is, all Su-
lawesi macaques included in this study except M. brunescens. In Evans, Supriatna
and Melnick (2001), the genetic structure of the hybrid contact zone of M. maura
and M. tonkeana was studied. Outside the hybrid contact zone, mtDNA of M.
maura and M. tonkeana are monophyletic. Within the hybrid contact zone, how-
ever, mtDNA clusters with a parental group, M. maura or M. tonkeana, or with a
third unresolved group. If recombination is occurring in Sulawesi macaques, as
is supported by the results of this chapter, the third unresolved group may be an
example of macaques with recombinant mtDNA, where loci with incongruent ge-
nealogies are leading the separation of recombinants from parentals.



Chapter 3

Mutation cold spots produce
recombination false positives

3.1 Abstract

Indirect tests have detected recombination in diverse animal mitochondrial DNA
(mtDNA), including mammals. Although the molecular patterns detected by these
tests could alternatively be explained by mutation cold spots, or clusters of sites
with low mutation rates, the effect of mutation cold spots on false positive rates
has not been adequately explored. The false positive rates of six indirect tests for
recombination were characterized using simulations of general models of mtDNA
evolution with mutation cold spots but no recombination. All tests produced a high
level of false positives under a general model, although the conditions producing
the maximal level of false positives differed between tests.

3.2 Introduction

Clonal inheritance of animal mtDNA (Birky ef al., 2005) is an important assump-
tion for many population-level studies. The generality of this assumption has been
questioned with reports of recombination in various animal species, including bi-
valve mussels, crustaceans, amphibians (Ladoukakis and Zouros, 2001), lizards
(Ujvari, Dowton and Madsen, 2007), scorpions (Gantenbein ez al., 2005), fish (Ci-
borowski et al., 2007), birds, insects, nematodes, and many mammals, including
non-human primates (Piganeau, Gardner and Eyre-Walker, 2004; Tsaousis ef al.,
2005; Maynard Smith and Smith, 1999; White and Gemmell, 2009; Ladoukakis
and Zouros, 2001) and humans (Kraytsberg ef al., 2004). Due to low levels of
mtDNA heteroplasmy, most of these studies have relied upon “indirect” tests for
recombination wherein recombination is inferred from patterns of molecular vari-
ation as opposed to direct tests for recombination where non-recombined parental
sequences are compared to potentially recombined sequences from an offspring in-
dividual or cell. These statistical tests detect signals left behind by recombination
events, such as an uneven distribution of polymorphic sites (Maynard Smith, 1992;
Posada and Crandall, 2001), regions with high sequence similarity (Sawyer, 1989),

30
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clustering of phylogenetically incompatible sites (Jakobsen and Easteal, 1996), or a
high correlation of linkage disequilibrium with physical distance (Piganeau, Gard-
ner and Eyre-Walker, 2004). When collecting indirect evidence for recombination,
it is generally recommended that more than one test be used as the power of indi-
rect tests can vary widely under different conditions (Posada and Crandall, 2001;
Posada, 2002; Wiuf, Christensen and Hein, 2001). Six of the most widely used
and powerful indirect tests for recombination (Posada and Crandall, 2001; Posada,
2002; Wiuf, Christensen and Hein, 2001; Bruen, Philippe and Bryant, 2006) are
described below.

GENECONV

GENECONV (GC) (Sawyer, 1989) searches for evidence of gene conversion, a non-
reciprocal form of recombination where a locus is copied over a locus in another
sequence, by searching the alignment for highly similar pairs of sequences. To
do this, GENECONV first removes all invariant sites from the alignment, leaving
only polymorphic sites for consideration. Each pair of sequences is compared and
regions of the sequences, or fragments, are identified which are either unusually
long stretches of perfect matches, or are unusually similar. Similarity is based on
a scoring system where a matching site adds 1 to the score, but a mismatch is
penalized according to a user-defined mismatch-penalty.

Data under the null hypothesis of no recombination is created by permutation
and the significance of each fragment’s similarity score is compared to the similarity
scores from the permuted data. The number of permutations, 104, and gscale, 0, that
are used below are the same as those used in studies reporting widespread recom-
bination in animal mtDNA (Piganeau, Gardner and Eyre-Walker, 2004; Tsaousis
et al., 2005).

In GENECONV Global (GCQG) sites in the entire sequence alignment were per-
muted and fragments are compared to the fragments between all possible sequence
pairs. The GENECONV Global test uses a built-in correction to correct for the mul-
tiple fragment comparisons between sequence pairs. A global p-value is assigned
to the fragments using a modified BLAST scoring system that corrects for the evo-
lutionary distance of sequence pairs (Altschul, 1993). Assuming distantly related
sequence pairs have more mismatches than closely related sequence pairs, a sig-
nificant fragment from distantly related sequences will be less significant when
compared to significant fragments from closely related sequences which contain
fewer mismatches, and hence, longer fragments. GENECONV Global removes this
bias by correcting fragment lengths and similarities by the evolutionary distance of
sequence pairs.

GENECONV Global analysis considered two types of fragments: inner and outer
fragments. Inner fragments are interpreted as evidence for gene conversion between
ancestors of sequences present in the alignment. Outer fragments are considered
evidence for gene conversion between ancestral sequences when one descendant
sequence cannot be identified. An ancestral sequence cannot be identified if it is
missing from the alignment, or if subsequent mutations and/or gene conversions
have distorted the original gene conversion sequence beyond recognition. Scoring
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outer fragments is analogous to scoring inner fragments, where a site containing
a unique base is like a match, and 1 is added to the score, but a site containing a
non-unique base is like a mismatch, and is penalized. Outer fragments can also be
identified between sequence pairs when two sequences share a region, bounded on
at least one side by a matching polymorphic site, where all sites are mismatches.

In this study, cases when both inner and outer fragments were considered are
abbreviated as GCG, and cases when only inner fragments were considered are
abbreviated as GCI. While some studies include outer fragments in the GENECONV
criteria (Tsaousis et al., 2005), others specifically do not (Piganeau, Gardner and
Eyre-Walker, 2004).

Max X2

Max y? is a test to identify recombination breakpoints within a sequence alignment.
This method was first proposed by Maynard Smith (1992), and is widely consid-
ered to be the best general test to detect recombination (Posada, 2002; Posada and
Crandall, 2001).

Max > assumes that in the absence of recombination, polymorphisms are
evenly distributed among sites and between sequences. Invariant sites are first re-
moved from the alignment and a sliding window is used to test each sequence pair,
comparing the number of matches and mismatches in both halves of the window;
that is, testing whether the middle of the window is the location of the potential
breakpoint. To determine the significance of the difference in matches and mis-
matches on either side of the potential breakpoint, a 2 x 2y value is calculated for
each window, and is compared to the x? of 100 permutations. If fewer than 10 per-
mutations had a y? value greater than or equal to the observed, the permutation test
was repeated with 1000 permutations. This study used the same implementation
and window settings as Piganeau, Gardner and Eyre-Walker (2004): a maximum
window half-size of 5 variable sites, and a sliding window step size of 2bp. The
implementation is a modification of Posada and Crandall (2001) where the entire
length of the alignment is analyzed, and only windows with expected y? greater
than 2 are considered. According to Piganeau, Gardner and Eyre-Walker (2004),
these modifications improve the power of Max y? while maintaining the same false
positive error rate.

LDr” and LD|D/|

Polymorphic sites are in linkage disequilibrium when the frequency of observing
alleles in the same haplotype does not match the expected haplotype frequency,
which is the product of the allele frequencies. In animals, the entire mitochondrial
genome is inherited as a single unit. Assuming no recombination, when a new allele
arises in one mtDNA molecule, it is permanently linked to the existing alleles on
that molecule. This is an example of extreme linkage disequilibrium. If recombina-
tion were to occur, it would be more likely to occur between physically distant loci
where there is more space for a crossover to occur. This breaks down the physical
linkage between mitochondrial loci. As the distance between two loci increases
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linkage disequilibrium will approach 0. How much the observed haplotype fre-
quency differs from the expected haplotype frequency for a pair of loci is described
by the linkage disequilibrium parameter, D. Since the range of D possible depends
on the magnitude of the haplotype frequencies, which differs between pairs of loci,
D is not a useful measure to compare the strength of linkage disequilibrium be-
tween different loci pairs. Two alternative measures of linkage disequilibrium are
|D'| and r2. | D'| is the normalization of D by the theoretical maximum, D,),,, and

is calculated as
|D'| = |D|/ Dingz, (3.1)

where D,,,, 1s the smaller of Ab or aB, where A and a are the allele frequencies
at one diallelic locus, and B and b are allele frequencies at a second diallelic locus
(Lewontin, 1964). 72 (Hill and Robertson, 1968) is the square of the correlation
between two alleles and is calculated as (McVean, 2001)

2 DQ

"= T Ey (3.2)

The tests LD|D’| and LD|D’| (Piganeau, Gardner and Eyre-Walker, 2004) calculate
the correlation between distance and | D'| or r?, respectively, then assign a level of
significance according to a permutation test. Code provided in Piganeau, Gardner
and Eyre-Walker (2004) was used to conduct the linkage disequilibrium tests LDr>
and LD|D’|. The original program included a correction for circularity of human
mtDNA sequences. This correction was removed for our analysis because our se-
quences are non-human and cover 3 loci at the most. In hindsight, the removal of
this correction is unnecessary, but should not affect the results because the sequence
lengths do not nearly approach the complete length of mtDNA.

Since 2 has been suggested as more sensitive to allele frequencies and mutation
rate variation than | D’|, LD|D'| is considered by some to be a better test for the cor-
relation of linkage disequilibrium with distance (Jorde and Bamshad, 2000; Kumar
et al., 2000). On the other hand, LDr? has higher power than LD|D’| (Awadalla,
Eyre-Walker and Maynard-Smith, 1999; White and Gemmell, 2009). Neither is
sensitive to false positives due to sites with highly correlated rates (Bruen, Philippe
and Bryant, 2006).

Reticulate

Reticulate (Jakobsen and Easteal, 1996) uses the Neighbour Similarity Score
to detect significant clustering of incompatible informative sites. Informative sites
are sites where the alignment contains at least 2 alleles, each of which is present in
at least 2 samples. In this study, sites with more than 2 states were ignored. For
each pair of informative sites the most parsimonious tree is generated. If the tree
created from the two sites does not contain any recurrent or convergent mutations,
or homoplasies, the two sites are deemed compatible. Conversely, if the sites cannot
produce the same tree without invoking homoplasy, they are labelled incompatible.
A compatibility matrix is created where each row and column corresponds to an
informative site in order that they appear in the alignment. The Neighbor Simi-
larity Score (NSS), or the average number of adjacent incompatible or compatible
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cells, is calculated for the matrix. Sites in the alignment were permuted 1000 times
to calculate the significance of NSS. This method works best on relatively large
alignments with well-diverged sequences and, according to the documentation, can
detect recombination that changes tree topology but cannot detect recombination
that only changes branch lengths.

PHI

PHI (Bruen, Philippe and Bryant, 2006) follows a similar method as Reticulate
but with some important modifications. When comparing pairs of informative sites,
Reticulate only considers two possibilities: the sites are either compatible or
incompatible. All incompatible sites weighted the same, regardless of how many
homoplasies are present on their respective trees. In contrast, PHI differentiates
between incompatible sites based on their refined incompatibility score, or the min-
imum number of homoplasies on the tree inferred from the two sites. PHI uses
the mean refined incompatibility score for sites up to w bases apart, ®,,, as the test
statistic. The probability of observing ® equal to or less than ®,, can be estimated
using a permutation test. However, for computational efficiency, the distribution of
® from permutations is approximated by assuming the distribution of permutation
® values is normal; an assumption supported by simulation data (Bruen, Philippe
and Bryant, 2006). Under this assumption, the probability of observing equal or
fewer homoplasies than ®,, by chance is calculated using a normal probability dis-
tribution function. In this study, as in Bruen, Philippe and Bryant (2006), w was set
to 100.

3.2.1 Modeling Sulawesi macaque mtDNA

We explored the effect of uneven rates of evolution in a subset of closely related
individuals and in a subset of their sequences. Hereafter we refer to this pattern
of uneven rates as “heterotachy”. Heterotachy was first explored using simulations
built from a general model of mutation cold spots, or clusters of sites with low
mutation rates, shared by a subset of samples.

We begin with a detailed look at the evidence for recombination in mtDNA of
Sulawesi macaques. Species within this group share a unique population structure
that makes them an interesting model for potential recombination false positives,
such as extreme population structure and high mutation rate (Brown, George and
Wilson, 1979). However, we found that these characteristics are insufficient to pro-
duce elevated false positives for recombination (Chapter 2). Instead, we found ev-
idence to support the presence of a mutation cold spot within a geographic sub-set
of the macaque dataset. Using a general model of evolution, we describe the condi-
tions under which mutation cold spots produce an elevated level of false positives
from indirect recombination tests.
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Figure 3.1: Map of Sulawesi macaque samples, adapted from Figure 1 in Evans
et al. (1999). Samples are numbered as: M. nigra; 13-14, M. nigrescens; 15,
M. hecki; 16-17, M. tonkeana; 18-25, M. maura; 26-27, M. ocreata; 28-29, M.
brunescens; 30. Samples 13-25 constitute the N/C group, while samples 26-30
constitute the So group.

3.3 Methods

3.3.1 Which macaques are recombining and where?

Eighteen macaque mtDNA sequences collected from the Indonesian island of Su-
lawesi (Evans ef al., 1999) were tested for recombination using GENECONV, Max
x?%, and Reticulate. Since simulations were performed under a codon model,
all tRNA sequences were removed such that the final sequences contained only cod-
ing sequence; two complete sequences (ND3 and ND4), and one partial sequence
(ND4L). An invariant 9bp region containing a 7bp overlap between ND4 and ND4L
was also removed. The final sequences were 1203bp long.

The 18 macaque mtDNA sequences were sampled broadly across the island of
Sulawesi and represent 7 macaque species (Figure 3.1). Thirteen sequences were
sampled from the North and Central regions of Sulawesi, and represent M. nigra,
M. nigrescens, M. hecki, and M. tonkeana. From here onward these sequences will
be collectively referred to as the N/C group. The five remaining sequences were
sampled from Southern Sulawesi, and represent M. ochreata, M. brunnescens, and
M. maura. These sequences will be referred to as the So group.

GENECONV was used to identify the nucleotide region and sequences seemingly
undergoing gene conversion. GENECONV was used to test: the complete dataset,
only the Northern and Central sequences, and only Southern sequences.

Max \? was used to find the most significant breakpoint in the dataset. Max
\” tests the complete length of the sequence, but only reports the most significant
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breakpoint and the pair of sequences between which the breakpoint occurred. To
find other significant breakpoints and to determine whether one sequence in partic-
ular was responsible for the recombination signal, one sequence from this pair was
removed and the remaining sequences were re-tested. An additional sequence was
then removed, and the remaining were re-tested, and so on. This was repeated until
significant breakpoints were no longer detected.

MrBayes was used to build the phylogenies on either side of the most signifi-
cant breakpoint. Analysis ran for 5 x 10° generations, with the first 10° generations
discarded as the burnin. A visual check of the likelihoods showed that they had
stabilized, and the potential scale reduction factor (PSRF) convergence diagnostic
equalled 1.00. Based on these two criteria, stationarity was assumed to have been
reached. A GTR+I+I+codon position model of evolution was specified.

3.3.2 Mutation cold spots and the distribution of segregating
sites

A distribution of trees and tree parameters were estimated from the Sulawesi
dataset using MrBayes (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsen-
beck, 2003) under a GTR+I'+I+codon position model. An outgroup was speci-
fied to facilitate branch length manipulation in the cold spot simulations. A South
macaque (So) was specified as the outgroup for this analysis. Selection of the out-
group was arbitrary except that the outgroup could not contain a cold spot; that is,
the outgroup could be any So sequence except sample 704ochrea. M. brunescens
(sample 707brune) was selected as the outgroup. As before, analysis ran for 5 x 10°
generations, and the first 10° generations were discarded as the burnin. A visual
check of the likelihood and PSRF suggested stationarity had been reached. Param-
eters from a GTR+I'+I+codon position model of evolution were randomly selected
from the MrBayes output. These parameters included a tree plus the following
parameters as estimated from each codon position: a GTR substitution rate ma-
trix, base frequencies, the proportion of invariant sites, and shape parameter for
[-distributed site-specific rate heterogeneity.

To include a mutation cold spot in the simulation, a copy of the randomly se-
lected tree was created and modified to model the cold spot region; internal and
terminal branches of the copied tree were scaled by a “cold factor” of either 0.05,
0.2,0.5, or 1. The cold factor represents the rate of evolution of the cold region rel-
ative to non-cold regions. For example, a cold factor of 0.05 means the substitution
rate in the cold spot is reduced to 20% relative to the rest of the sequence, and a
cold factor of 1 is equivalent to no cold spot. The GENECONV results suggested a
cold spot was present in all N/C sequences and one So sequence, so for simplicity
internal and terminal branches of the N/C clade were cooled, excluding the single
So sequence from the cold clade. GENECONV also suggested that the cold spot was
located over the middle third (400bp) of the sequence. Therefore, this modified
cold tree was used to simulate the cold middle 400bp of the alignment, while the
unmodified tree was used for non-cold regions. As these two trees possessed dif-
ferent branch lengths but identical topology, these simulations did not include the
phenomenon of recombination. Simulation of nucleotide datasets off a single set
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of model parameters and two trees was completed using Seg-Gen (Rambaut and
Grassly, 1997) and Seg-Gen’s partition option.

The newly-generated dataset was retained if and only if it contained the same
number of segregating sites as the natural data upon which it was based: 296 segre-
gating sites in the Sulawesi macaque dataset. The simulation process from param-
eter selection to dataset simulation was repeated until a collection of 1000 simu-
lated datasets, each containing exactly 296 segregating sites, was obtained. In total,
4 datasets containing 1000 simulations each were collected. Each dataset corre-
sponded to a different cold factor tested.

In order to evaluate the degree to which observed sequences contained or did
not contain a cold spot, we developed a metric based on the variance in the num-
ber of segregating sites in non-overlapping 100bp windows. For each simulated
dataset, the variance in number of segregating sites between windows was counted
and used to form a distribution of expected variance. The Sulawesi macaque vari-
ance (63.7197) was compared against these distributions. The number of simu-
lations with a variance greater than or equal to the Sulawesi macaque variance is
measure of the likelihood the Sulawesi data contains a cold spot with that distribu-
tion’s cold factor.

3.3.3 Mutation cold spots produce recombination false
positives.

Simulated nucleotide datasets were used to investigate the effect of mutation
cold spots, or local regions with low mutation rates, on the level of false positives
returned by indirect tests for recombination. Various cold spot characteristics were
considered: coldness, or the mutation rate relative to non-cold regions; length of
the cold spot, in proportion to total sequence length; size of the cold clade, or
proportion of the total dataset sharing the cold spot; and location of the cold spot
within the alignment, for example, in the middle surrounded by non-cold regions,
or alternatively, at the periphery.

The main focus in this section was to explore how mutation cold spots affect
the level of false positives. Unlike previous sections where parameters were esti-
mated from real datasets, here, a more general model of evolution was used, and
parameters were deliberately selected so a range of dataset characteristics could be
explored. These parameters are summarized in Table 3.1.

The creation of a simulation, or nucleotide dataset, began by generating a ran-
dom tree topology in ms with N sequences. From this tree a clade of » sequences
was chosen to be the clade containing the cold spot, or the “cold clade™. If no such
clade existed or if this clade included the root, a new tree would be generated and
checked. Once a tree with the desired clade size was found, a copy of the tree was
created and modified to include a mutation cold spot. This was achieved by scaling
the internal and terminal branches of the cold clade by the cold factor, ¢. Both the
cold tree and unmodified tree were used to create a nucleotide alignment in Seg-
Gen using a Jukes-Cantor model of evolution. The position, p, of the cold spot
within the alignment was specified by splitting the alignment into sections, each of
which was built off either the cold tree or unmodified tree. The section built off the
cold tree was the section where the cold spot could be found in the cold clade. The
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Table 3.1: Simulation parameters used in section 3.3.3.

Symbol Description Values
N Number of sequences/alignment 15, 30
L Sequence length 600bp, 1200bp
n Number of sequences with cold spot %N, %N
H Length of cold spot sL, 2L
c Cold factor 0.05,0.2,0.5,1.0
)% Position of cold spot within alignment middle, side
S Number of segregating sites 0.05L; 0.1L, 0.2L, 0.5L

nucleotide dataset was then screened for the total number of segregating sites, S.
Unless the number of segregating sites exactly matched the target S, the entire pro-
cess was repeated, beginning at the generation of tree topology. Finally, the dataset
was tested for recombination using 6 tests: Reticulate, PHI, GENECONV with
and without outer fragments, Max x?, LDr?, and LD|D'|.

3.4 Results

3.4.1 Which macaques are recombining and where?

Both GENECONV and Max y? conduct pairwise sequence analysis. With a dataset
of 18 sequences there are 153 pairwise comparisons. Of the 153 pairs to com-
pare, 50.98% will be pairs of North and Central sequences (N/C - N/C), 42.48% are
combinations of North and Central with South sequences (N/C - So), and 6.53%
are pairs of South sequences (So - So). These are the proportions expected to be
detected by GENECONV and Max ? if recombination is occurring broadly across
Sulawesi, and will be helpful in determining whether recombination is occurring
between all species, or if it is limited to only certain species.

Out of the 153 pairwise comparisons, GENECONV detected gene conversion in
13 pairwise comparisons (Table VI). With only one exception, gene conversion was
detected between pairs of North/Central macaques (N/C - N/C). Gene conversion
was also detected between a North/Central and Southern macaque (N/C - So).

These results suggest recombination occurred primarily between macaques
from the North and Central regions of Sulawesi. To test this hypothesis all Southern
macaque sequences were removed and the dataset was retested. In the North and
Central only dataset, GENECONV detected a single global inner fragment (661nigra
and 597tonkma) at a p-value of 0.0070; a value at least two orders of magnitude
greater than the p-value reported for the same pair when the South sequences were
included. In other words, recombination is still detected between macaques from
North and Central Sulawesi, but the strength of this signal is much reduced when
Southern Sulawesi sequences are not included in the analysis.

GENECONV detected gene conversion almost exclusively between N/C - N/C
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macaque pairs. This was confirmed visually by graphs of segregating sites (Ss) ver-
sus nucleotide position (Figure 3.2). N/C - N/C pairs of mtDNA contain a region
of about 400bp which contains very few segregating sites. This potential “muta-
tion cold spot” is followed by a section with an elevated number of segregating
sites, which is a potential mutation hot spot. The cold spot is the fragment that
GENECONV detects as gene conversion, and the border from cold spot to hot spot
is roughly where Max-Chi detects breakpoints (Figure 3.2). A search in the Con-
served Domain Database revealed this cold spot corresponds to the amino terminus
of NADH ubiquinone oxidoreductase (complex I), a domain involved in electron
transfer from NADH to ubiquinone.

Max y? determined the most significant breakpoint to be at nucleotide position
901 between 661nigra and 648heckin, two macaques from the North/Central re-
gion of Sulawesi (M. nigra and M. hecki). To find other significant breakpoints in
the dataset as well as to determine whether one sequence was responsible for the re-
combination signal, the dataset was jackknifed and re-tested. Of the 12 sequences
that were removed (the first sequence names in the sequence pairs of Table VI),
all but 2 were included in the recombination pairs found by GENECONV. Sam-
ples 648heckin and 655nigres were not included in any recombination pairs from
GENECONV. Only two pairs of sequences found by Max y? also showed evidence
for recombination according to GENECONV. However, the list of sequence pairs
found by Max y? is not exhaustive, since the sequences Max x? can test is affected
by the order of sequence removal.

MrBayes was used to build the phylogenies on each side of the most signif-
icant breakpoint (Figure A.1). These trees do not support the Max ? suggestion
that samples 661nigra and 648heckin are recombining, but they do suggest recom-
bination between samples 661nigra and wfl28tonk.

3.4.2 Mutation cold spots and the distribution of segregating
sites

Although simulations matched the Sulawesi data on Ss, the simulation 7 was
slightly higher than the observed. The observed Sulawesi 7 is 7%, and the sim-
ulation 7 ranged from 10.1% to 11% from no cold spot to a cold factor of 0.05,
respectively.

Including mutation cold spots in the simulations increases the spread in the
variance distributions (Figure 3.3). The variance in the number of polymorphic
sites of the simulated data matched the Sulawesi data only with the inclusion of a
mutation cold spot.

When the data does not contain a cold spot, there is < 0.001 probability that the
Sulawesi macaque mtDNA variance will be observed (Figure 3.3). However, the
probability of observing the Sulawesi macaque mtDNA variance increases to 0.09
when the substitution rate in the middle third of the North/Central clade is “cooled”
or scaled by a factor of 0.05. In other words, this cold-spot model more accurately
describes the distribution of polymorphisms in the Sulawesi macaque mtDNA than
a model without a cold spot.

Based on the cold factors tested, the substitution rate within the cold spot is most
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Figure 3.3: Variance in segregating sites along length of simulated sequences. Blue
line marks Sulawesi macaque mtDNA variance. Red values are number of simula-
tions, out of 1000, that have a variance equal to or less than the Sulawesi macaque
mtDNA variance.

likely 0.05 times the rate outside the cold spot. However, this estimate is affected
by the numerous factors and assumptions. The most obvious factor is the choice of
possible cold factors. Here, only 4 were tested: 1 (no cold spot), 0.5, 0.2, and 0.05.
In addition, certain assumptions were made regarding the number, length, location,
and taxa size of the cold spot; the effect of one cold spot was modeled, 400bp long,
situated in the middle of the alignment, and shared by the 13 out of 18 sequences
constituting the North/Central clade. In other words, the main objective in this
section was not to quantify the coldness of the cold spot, but to show that with all
else being equal, cold spots are a plausible explanation for the recombination signal
in Sulawesi macaque mtDNA.

3.4.3 Mutation cold spots produce recombination false
positives.

The results of these studies are displayed in Figures 3.4-3.9. The size of the cold
clade is included in brackets as (proportion of total taxa, length). The coloured con-
tour map corresponds to the percentage of simulations positive for recombination,
and was interpolated using the simulation data. In Figures 3.4-3.5, all sequences
are 1200bp long with a cold spot in the middle third of n sequences. The strength
of the cold spot, on the y-axis as the cold factor, is the substitution rate/site of the
cold spot to non-cold spot. In Figures 3.6-3.7, all sequences are 1200bp long with
the last third cold in n sequences (i.e. cold spot on the side), and in Figures 3.8-3.9
all sequences are 600bp long with the middle third cold in n sequences.

Without a cold spot, the tests returned approximately 5% false positives. The
likelihood of the tests reporting a false positive increased as the cold spots became
colder. This was particularly true when the sequences contained a high proportion
of polymorphic sites. When cold spots were included, all tests produced an elevated
level of false positives (34%, up to 99%), but not necessarily under the same con-
ditions. The neighbour similarity tests, PHI and Reticulate, performed best,
finding fewer false positives than the other tests, and in fewer cases. Nevertheless,
these tests still returned a significant level of false positives (30% to 80%) when
the cold spot covered a large area (two-thirds of the sequence length) and the cold
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clade was small (one-third of total sample size). The polymorphism distribution
tests (GENECONV, Max Y?) performed the worst, detecting over 30% false pos-
itives in all cases. The GENECONV criteria of considering only inner fragments
(GCI) is considered more conservative than the alternative of considering all global
fragments detected (GCG). However, as is shown here, GCI finds the same high
level of false positives as GCG. Although LDr? is a more powerful test than LD|D/|
to detect recombination when it is present (White and Gemmell, 2009), LDxr? found
many more false positives than LD|D’|, suggesting the gain of power comes with a
cost of accuracy.

The two most important factors in the level of false positives produced are the
number of segregating sites (but not the simply proportion), and the coldness of the
cold spot. Surprisingly, doubling the number of sequences in the dataset did not
significantly improve the performance of the tests.

The level of false positives of larger datasets (30 sequences) was equal to or less
than the level of false positives of smaller datasets (15 sequences). This contradicts
a previous study, where an increase in number of sequences from 10 to 50 led to
an increase in level of false positives detected, from 10% to over 50% in PHI,
Reticulate, and Max x? (Bruen, Philippe and Bryant, 2006). This could be due
to additional factors included in the previous model, including exponential growth,
extreme site-specific rate heterogeneity, and the method of simulating mutation hot
spots, which would be shared across all sequences.

Moving the cold spot from the middle of the alignment to the edge lowered the
maximal level of false positives for PHI from 34% to 14%, and by about 50% for
LDr? and LD|D'|, virtually eliminating any significant level of false positives, except
for the coldest and most polymorphic simulations. Reticulate, GENECONV,
and Max x? were unaffected.

For all tests, fewer false positives were detected when the overall sequence
was shorter (600bp in Figure 3.8-3.9 versus 1200bp in Figure 3.4-3.5). Although
GENECONV, Max X2, and LDr? still reported close to 100% false positives, the
performance of PHI, Reticulate, and LD|D’| greatly improved, with these tests
returning around 10% false positives, compared to the 30% - 100% false positives
when the sequences were longer.

Without a cold spot, multiple 1000-simulation-datasets were simulated and
tested for recombination. Generally, the most the number of false positives fluc-
tuated was by 20 counts, or 2%.

Using 100 simulations, the power of the tests was briefly investigated. When
each simulation contained at least 1 recombination event, the number of false
negatives returned were: PHI 24, Reticulate 35, GENECONV Global 25,
GENECONV Global (inner fragments only) 26, Max x? 24, LDr? 22, and LD|D'|
34.

3.5 Discussion

3.5.1 Mutation hot spots and heterotachy

Recombination creates homoplasy by facilitating the exchange of genetic material
between distantly related species or individuals, distorting the phylogenetic history
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of that sample. However, homoplasies can be generated by mechanisms other than
recombination, such a hyper-variable sites (Galtier et al., 2000).

The level of false positives returned by indirect recombination tests has been
evaluated under various mutation hot spot models. Using simulations and a variety
of evolutionary models, Posada and Crandall (2001) tested GENECONV, Max X2,
and Reticulate for false positives given extreme rate heterogeneity and high
levels of divergence. These tests did not produce an elevated level of false positives
(> 10%). Bruen, Philippe and Bryant (2006) found an elevated level of false posi-
tives (> 30%) returned by Max x? and Ret iculate when sites had highly corre-
lated rates, population growth, and high diversity, either with a large sample size of
at least 50 or high level of nucleotide diversity (over 10%). With highly correlated
rates between sites, Reticulate will also have elevated levels of false positives
without population growth when testing large datasets with extreme rate variation
and high nucleotide diversity. However, the biological relevance of the sometimes
extreme correlation required is questionable (approximately 0.9 for Max x?, 0.3 or
0.6 for Reticulate, depending on degree of rate variation among sites). PHT,
LDr?, and LD|D'| did not produce elevated false positives with population growth
or high site-to-site correlation.

3.5.2 Cold spots versus hot spots

Alternative explanations for recombination have focused heavily on mutation hot
spots rather than mutation cold spots for numerous reasons. Firstly, cold spots
have been difficult to detect whereas the mtDNA control region has already been
studied as a model mutation hot spot in mtDNA. Secondly, the likelihood of ob-
taining convergent mutations between distantly related individuals will be higher at
a hyper-mutable site than at a site that rarely mutates. A third reason may be that
the distinction between a hot or cold spot seems arbitrary. If the first half of an
alignment contains a proportionately high density of hyper-mutable sites relative to
the second half, whether the alignment has a hot spot or a cold spot depends on the
frame (or sequence region) of reference. In the long term, it may be that mutation
cold spots and mutation hot spots are two sides of the same coin. Mutation rates of
non-synonymous sites are highly variable from region to region within mammalian
mtDNA (Pesole et al., 1999) and the mutation rates of specific mtDNA sites can
change quickly over time, even between con-generic species (Galtier et al., 2000).
Although the location of cold and hot spots may be transient, we chose to model
cold spots on a background of non-cold substitution rates, rather than a hot spot on
a background of non-hot substitution rates. The genetic background sets the expec-
tation upon which the mutational spot is compared. Considering the high average
mutation rate of mtDNA, mutation cold spots will seem more significant to statis-
tical tests than a hot spot. In short, whether a spot is hot or cold may be arbitrary
on a genome-wide scale, but when evaluating the significance of a genetic signal at
particular loci, the frame of reference can make all the difference.

In terms of modeling recombination false positives, a shift in focus from muta-
tion hot spots to mutation cold spots could make an important difference when in-
terpreting homoplasy in mtDNA. Consider three hypothetical alignments in which
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recombination has been detected using indirect tests: one containing a true recom-
binant region, one containing a hot spot, the other containing a cold spot. Indirect
tests for recombination use statistics to determine whether sites in a putative re-
combinant region found within a subset of sequence samples appears significantly
different from non-recombinant regions, yet are unusually similar to other sites
within the recombinant region. For a mutation hot spot to mimic this pattern, there
must be strong base composition bias to guide the homogenization of sites within
the hot spot so that the spot appears to have undergone gene conversion (Awadalla,
Eyre-Walker and Maynard-Smith, 1999). If there is no base composition bias, not
only must there be convergent mutations in distantly related individuals, but the
convergent mutations must occur in clusters according to the mutation’s pseudo-
phylogenetic histories. In comparison, a mutation cold spot can mimic recombina-
tion with fewer restrictions. Mutation cold spots will be indistinguishable from a
gene conversion event, regardless of the base composition bias. On average, the hot
spot alignment will have more homoplasies between pairs of sequences, but it will
not necessarily have more homoplastic sites than the cold spot alignment.

3.5.3 Evidence for a mutational cold spot in Sulawesi macaque
mtDNA

Max Y? and GENECONV detected an uneven distribution of segregating sites, and
significantly long regions of perfect matches between samples collected from the
North and Central regions of Sulawesi, as well as from one sample collected from
the Southern region of Sulawesi. These signals could be interpreted as either re-
combination or mutation cold spots between North and Central, and one Southern
Sulawesi macaque.

Similarly to recombination, mutation cold spots will produce an uneven dis-
tribution of segregating sites along the length of an alignment, as well as regions
within an alignment with an unusually low number of mismatches. The significance
of these signals can be assessed via permutation tests, as permutations will disrupt
the clustering of cold sites, just as it would the clustering of recombinant sites.

3.5.4 Why are indirect tests susceptible to cold spots?
Max y” and GENECONV

GENECONV assumes that without gene conversion, the distribution of bases at
silent polymorphic sites will be determined by neutral mutations, which generally
acts independent of site position. Degeneracy will affect the distribution of bases
at particular site positions but this effect is probably independent of site position
(Sawyer, 1989). Upon permutation, the distribution of bases will be retained, un-
der the null hypothesis of no gene conversion. With gene conversion, however,
the observed distribution of bases will be significantly different from distributions
obtained upon permutation. When introducing his algorithm for detecting gene con-
version, Sawyer (1989) states that GENECONV is robust to mutation hot and cold
spots, provided the mutation spots are shared across all sequences. However, he
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acknowledges that GENECONV may be susceptible to false positives if a subset of
samples contain a mutation cold spot, such as in the simulations tested here.

Max y? and GENECONYV assume an even distribution of segregating sites (per-
mutation test) in the null hypothesis of no recombination. This assumption is vio-
lated by mutation cold spots. As shown here, mutation cold spots increase variation
in the distribution of segregating sites along the length of a sequence. In fact, with-
out recombination, the observed distribution in a supposedly recombining dataset
(the Sulawesi macaques) could not be explained unless there was a cold spot.

Posada and Crandall (2001) classified these tests as substitution distribution
methods; they look for significant clustering of substitutions. Other substitution
distribution methods are the Homoplasy Test (Maynard Smith and Smith, 1998),
Informative Sites Test (PIST) (Worobey, 2001), Chimaera (Posada and Crandall,
2001), the Runs Test (Takahata, 1994), and the Sneath Test (Sneath, 1995). Given
that mutation cold spots violate the assumption that under a null hypothesis of no
recombination, substitutions are evenly distributed across and between sequences,
these substitution distribution methods will probably produce elevated false posi-
tives in a mutation cold spots model. This is especially true considering the per-
formance of Max y? and GENECONV, as they are the most powerful and robust
substitution distribution methods. Indeed, two tests, the Homoplasy Test and PIST,
have been found to produce high levels of false positives with extreme levels of rate
variation (Posada and Crandall, 2001).

LD|D’| and LDx?

The null hypothesis, that without recombination, linkage disequilibrium does not
correlate with distance fails on two counts. Firstly, mutation hot spots (or mutation
cold spots, depending on the context) can produce a negative correlation between
linkage disequilibrium and distance (Innan and Nordborg, 2002). Secondly, al-
though recombination creates a negative correlation between linkage disequilibrium
and distance in linear chromosomes (recombination breaks down linkage disequi-
librium; there is more recombination over a greater distance), it is unclear how link-
age disequilibrium and distance correlate in circular chromosomes (Wiuf, 2001).
This is especially complicated when there are more than 2 breakpoints (for circular
genomes, 2 breakpoints are required per recombination region to produce a recom-
binant circular chromosome); the relationship between linkage disequilibrium and
distance is no longer monotonic. In short, regardless of whether linkage disequi-
librium correlates with distance, we do not currently have a way to interpret it in
circular mtDNA that can detect recombination or mutation rate heterogeneity, let
alone a way to distinguish between the two. It makes sense, then, to look for evi-
dence of recombination using knowledge of how recombination and mutation rate
heterogeneity differ. For example, meaningful recombination cannot occur unless
there is introgression of foreign mtDNA. Once there is introgression,there must be
fusion of mitochondria, where the fusion rate is proportional to the recombination
rate. In other words, until there is evidence of both introgression and fusion, muta-
tion rate heterogeneity cannot be ruled out.

Assuming a breakdown in linkage disequilibrium with distance can be inter-
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preted as evidence for recombination in circular mtDNA, mutation cold spots can
produce a significant level of false positives for recombination, particularly when
the cold spot is shared among the majority of sequences.

LDr? and LD|D'| perform similarly when evaluated using simulations with re-
combination and no mutation hot spots (Meunier and Eyre-Walker, 2001). With 0.5
recombination events per generation in the population, LDxr? and LD|D’| correctly
detects recombination in 0.28 and 0.30 of the simulations, respectively. In this study
we have shown that a similar proportion of simulations can be detected from a wide
range of mutation cold spot models.

LDr? produces the most false positives when the cold spot covers a larger pro-
portion of sequence (two-thirds of total sequence length) and when the sample size
of the cold clade is increased (two-thirds of total sample size). LD|D’| produces the
most false positives when the cold spot covers a large proportion of the sequence but
a smaller (one-third of total sample size) sampling of cold-spot sequences. Of all
tests for recombination evaluated, LD|D’| was the most sensitive to alignments with
a low proportion of segregating sites. Analysis by LD|D’| generally could not be
conducted when the proportion of segregating sites was below 0.2 the total number
of sites.

When the cold spot is situated at the periphery of the alignment or when the
alignment is short (600bp), recombination is still falsely inferred in over 0.30 of the
simulations, but under limited conditions; the cold spot is in one-third of the sam-
ples and covers two-thirds of the sequence length. Under these conditions, a similar
level of recombination was inferred between LDr? and LD|D’| from simulations
with over 0.2 polymorphic sites and a cold factor of 0.2. When the number of cold
samples increases (to two-thirds of the total sample size), LDxr? detects recombina-
tion whenever the cold factor was 0.2 or less, or when the proportion of segregating
sites was greater than 0.2 times the total number of sites, and the cold spot was 0.5
the rate of the non-cold spot. In contrast, when the sample size of the cold clade
was increased, LDr” no longer detected an elevated level of false positives.

Interestingly, the performance of LD|D’| is more similar to the compatibility
methods Reticulate and PHI than to LDr?, which is in turn more similar to
the similarity comparison methods GENECONV and Max 2. The major difference
between LD|D’| and LDx? is that LD|D’| analysis is only able to measure linkage dis-
equilibrium when all four genotypes are present (the two parentals and two recom-
binants), and when allele frequencies are moderate to high (Awadalla, Eyre-Walker
and Maynard Smith, 2000). It is not surprising, then, that LDx? has a higher level
of false positives than LD|D’|, although LD|D’| will still produce an elevated level of
false positives under certain conditions.

Reticulate and PHI

Reticulate and PHI are compatibility methods and of all the tests evaluated
here, they are the most robust to mutation cold spots.

Reticulate and PHI produce elevated false positives at least 30% of simu-
lations with a smaller sample size of cold-spot sequences (one-third over two-thirds
of total sample size), and when the cold spot was longer (two-third over one-third



CHAPTER 3. MUTATION COLD SPOTS AND RECOMBINATION 53

of total sequence length). For PHI there is the added caveat that the total sample
size is smaller (15 over 30 sequences) and that total sequence length is over 600bp.
The improved false positive rate of PHI comes at a price; PHI is over-conservative
when there are too few informative sites or too few incompatibilities. For PHI, this
occurs when alignments have fewer than 15 samples or when nucleotide diversity
is below 5% (Bruen, Philippe and Bryant, 2006).

Multiple hits increase the likelihood of false positives

Mutation cold spots most strongly affect the false positive rate of tests that as-
sume polymorphisms are evenly distributed across the length of sequences. LD|D’|,
Reticulate, and PHI are less susceptible to false positives by mutation cold
spots. When these three tests do falsely infer recombination it is probably because
sites have mutated multiple times in such a way that all four genotypes are present
at a site (LD|D’|) and/or informative sites outside the cold spot have appear phylo-
genetically incompatible with sites inside the cold spot (Reticulate and PHI).
Although the relative coldness of the cold spot’s mutation rate plays a role in cre-
ating these recombination signals, the likelihood of these signals increases as the
mutation rate per non-cold site, or background mutation rate, increases. This would
explain why simulations with small cold clade but large cold spot produced the
most false positives for LD|D’|, Reticulate, and PHI; a large cold spot forces
the few remaining non-cold sites to accept more mutations per site, but if too many
samples contain the cold spot, there will be too few informative sites to detect any
signal. If these hypotheses are true, an elevated background mutation rate may pro-
duce false positives under widespread mutation cold spot models. Studies on the
effect of linkage disequilibrium, albeit as measured by r?, suggested that it was
the contrast between mutation hot and cold spots that will produce false signals
for recombination, not hot spots or cold spots on their own (Innan and Nordborg,
2002).

3.5.5 Regional mutation rate variation and heterotachy in
animal mtDNA

Generally speaking, these tests are unreliable as methods for detecting recombina-
tion because they return an extremely high level of false positives in the presence
of mutation cold spots, which have been documented within both coding and non-
coding mammalian mtDNA (Pesole ez al., 1999). In terms of coding regions, where
recombination has been detected, the rates at synonymous sites are generally uni-
form, while the rates at non-synonymous sites can vary widely depending on the
gene. This non-synonymous substitution rate variation between genes supports a
regional mutation rate heterogeneity model.

The problem in using these tests to detect recombination is not with the tests
themselves, which are properly detecting the signals they have been written to
detect, but in the interpretation of the test results as evidence for recombination.
In other words, these signals could alternatively be interpreted as evidence for
position-dependent mutation rate heterogeneity. Given the prerequisites for phy-
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logenetically meaningful recombination, such as heteroplasmy through significant
paternal leakage and/or the maintenance of low frequency mtDNA alleles despite
extensive mitochondrial drift, mutation hot spots are arguably the more feasible
explanation for these signals.

Perhaps the most hotly debated report of recombination in animal mtDNA
was that detected in the human mtDNA genome by Awadalla, Eyre-Walker and
Maynard-Smith (1999). This study reported a correlation between linkage disequi-
librium and distance which was interpreted as indirect evidence for recombination.
The methodology and interpretation was criticized on numerous fronts, the most
convincing of which was the possibility of mutation hot spots as an alternative to
invoking recombination. Eyre-Walker, Smith and Maynard Smith (1999) stated that
there were too many homoplasies to be explained by hyper-variable sites, and that
there was no evidence for mutation rate variation between sites, but the latter was
based on the assumption that hyper-mutable sites would remain hyper-mutable over
time. It was later determined that this is not so; even within the same genus, a hyper-
mutable site in one species will not necessarily be hyper-mutable in another species
(Galtier et al., 2006). Ultimately, the evidence for recombination in human mtDNA
was determined likely to have been a chance observation due to small sample size.
However, in the process of showing this, Innan and Nordborg (2002) demonstrated
that a correlation between linkage disequilibrium and distance could be produced
by regions with a high density of fast-evolving sites (mutation hot spots) situated
next to regions of slow-evolving sites (mutation cold spots), at least theoretically.
This raises the question of whether mutation rate variation can lead to false pos-
itives for recombination under biologically realistic rates of evolution, and is the
focus of Chapter 4.



Chapter 4

Heterotachy in animal mtDNA
produces recombination false
positives

4.1 Abstract

Twenty animal mtDNA datasets in which recombination has been detected were
evaluated for false positives by allowing different regions of the sequences to evolve
at different rates in different lineages. Simulations were created using biologically
estimated rates, and tested for recombination. Through simulations, a re-analysis
of these datasets shows that regional mutation rate heterogeneity can alternatively
explain the detection of widespread recombination in animal mtDNA.

4.2 Introduction

4.2.1 Recombination in animal mtDNA

There is considerable evidence to support the possibility of recombination in animal
mitochondria. Mammalian mitochondrial protein extracts can catalyze recombina-
tion (Thyagarajan, Padua and Campbell, 1996), and mtDNA genomes may mix as
mitochondria are capable of forming dynamic networks within a cell through fusion
and fission (Wilson, 1916; Bereiter-Hahn and V6th, 1994) although the frequency
of fusion is unknown (Birky, 2001), and some mitochondria may be fixed to a par-
ticular region of the cell, preventing them from fusing with other mitochondria.
Nevertheless, when two parental cells are fused, mitochondrial recombinant geno-
types can be detected (Birky, 2001), and recombination products have been directly
observed from the gonads of heteroplasmic male bivalve mussels (Ladoukakis and
Zouros, 2001) and in the heteroplasmic muscle cells of a human individual (Krayts-
berg et al., 2004). However, these examples remain exceptional cases in the oth-
erwise clonal nature of animal mtDNA biology. They represent exceptions to two
major features of mitochondrial genetics, maternal inheritance and vegetative segre-
gation, which maintain the presence of only one mtDNA genotype in an individual

93
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Table 4.1: Examples of tests used to detect recombination in animal mtDNA.

Test Used in

GENECONV Piganeau, Gardner and Eyre-Walker (2004); Tsaousis ef al.
(2005); Ujvari, Dowton and Madsen (2007); Gantenbein
et al. (2005); Lawson and Zhang (2009)

Max x?2 Piganeau, Gardner and Eyre-Walker (2004); Tsaousis ef al.
(2005); Bruen, Philippe and Bryant (2006); Ujvari, Dowton
and Madsen (2007); White and Gemmell (2009); Ganten-
bein ef al. (2005); Maynard Smith and Smith (1999)

LDi* Piganeau, Gardner and Eyre-Walker (2004); Awadalla,
Eyre-Walker and Maynard-Smith (1999); White and Gem-
mell (2009); Gantenbein ef al. (2005)

LD|D'| Piganeau, Gardner and Eyre-Walker (2004); White and
Gemmell (2009); Gantenbein ef al. (2005)

Reticulate Tsaousis ef al. (2005); Bruen, Philippe and Bryant (2006);
White and Gemmell (2009); Fitzgerald ez al. (1996)

PHI Bruen, Philippe and Bryant (2006); White and Gemmell
(2009)

(Birky, 2001), a state known as homoplasmy. Whether mtDNA recombination is
pervasive enough to require a serious re-evaluation of animal population studies
remains contentious due to effective homoplasmy and the associated difficulty in
collecting direct empirical evidence of recombination.

4.2.2 Heterotachy as an alternative to recombination

Evolutionary relationships are inferred by the genetic information stored in se-
quences, using assumptions or models which are also based on information from
the samples. Differences between the sequences are interpreted in the context of
the model to reconstruct an estimate of the ancestry, or evolutionary relationships
between the sampled individuals. This process is confounded when different sites
or regions in the sequences suggest conflicting evolutionary relationships, or ho-
moplasy. One option is to accept the validity of all conflicting evolutionary rela-
tionships, meaning that different parts of the sequences have different evolutionary
histories. This would require that an exchange of genetic material has occurred
through recombination. On the other hand, sites may produce conflicting evolu-
tionary relationships if there is a bias for some sites in some sequences to mutate
in such a way that the true evolutionary history of the individuals is distorted by
the chance mutations. Indeed, it has been demonstrated that hyper-variable sites, or
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sites with unusually high mutation rates, can generate homoplasies (Galtier ef al.,
2006), and that the mutation rate at a certain site likely changes quickly over time, a
phenomenon referred to as covarion or more generally as heterotachy (Fitch, 1971).
Some indirect tests for recombination are liable for false positives under conditions
that can approximate mutation hot spots, such as extreme rate heterogeneity among
sites (Posada and Crandall, 2001) and high rate correlations between sites (Bruen,
Philippe and Bryant, 2006). Most indirect tests, however, either do not produce
elevated false positives under these conditions, produce false positives but under
biologically extreme conditions, or have not been evaluated under these conditions.

In Chapter 3 we described the elevated level of recombination false positives de-
tected due to mutation cold spots. In this chapter, we turn to twenty animal mtDNA
datasets in which recombination has been inferred, to create simulation datasets
with heterotachy under biologically relevant mtDNA parameters. These simula-
tions were tested for recombination to determine the level of false positives ex-
pected from biologically estimated levels of heterotachy. The false positive rate for
6 tests of recombination were evaluated: GENECONV (Sawyer, 1989, 1999), Max
x? (Maynard Smith, 1992), LDr? (Piganeau, Gardner and Eyre-Walker, 2004; Hill
and Robertson, 1968), LD|D’| (Piganeau, Gardner and Eyre-Walker, 2004; Lewon-
tin, 1964), Reticulate (Jakobsen and Easteal, 1996), and PHI (Bruen, Philippe
and Bryant, 2006). These tests are among the most powerful methods of detect-
ing recombination when direct identification of recombinants is not feasible, and
have been used to screen for recombination in a wide range of animal mtDNA (Ta-
ble 4.1).

4.3 Method

4.3.1 Partitioned models produce false positives

Twenty animal mtDNA datasets were collected from Genbank . These included
the previously discussed Sulawesi macaque mtDNA plus 19 of the top 20 datasets
with the strongest evidence for recombination, according to Piganeau, Gardner
and Eyre-Walker (2004). Mytilus galloprovincialis, one of Piganeau, Gardner and
Eyre-Walker (2004)’s top 20 datasets, was excluded as recombination has been em-
pirically detected in this species (Ladoukakis and Zouros, 2001). The 20 animal
mtDNA datasets are representative of a wide range of mitochondrial coding se-
quences, sequence lengths, level of polymorphism, and sample sizes. These char-
acteristics are summarized in Table V1.

Each dataset was aligned using muscle (Edgar, 2004) and a consensus topol-
ogy was obtained using MrBayes (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003). Each animal mtDNA dataset was simulated under a partition
model without recombination. That is, although a single tree topology was used
for the alignment, all other parameters were obtained by first partitioning the align-
ments into two sections then estimating maximum likelihood parameters off each
section. Partition model names and patterns are described in Figure 4.1. Estima-
tion of parameter values was accomplished using baseml from the PAML suite
of programs (Yang, 1997, 2007), under a GTR+I" model with 5 discrete I rate
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Figure 4.1: Five partition models for an alignment of L nucleotides. Section A is
represented by solid lines, section B is represented by broken lines. Sections A and
B are simulated off different models, and either A or B may contain the cold spot.

categories. The decision to partition the simulations into three sections, with the
middle section covering roughly a third of the alignment, was based on the pattern
of recombination in Sulawesi macaques, which suggested the presence of a cold
spot in the middle third of the alignment (Chapter 3). Admittedly, this may be too
few or too many partitions to detect cold spots when modeling other animals. If the
number of partitions is too high, there may be too much noise in rates to distinguish
a local patterns of rate heterogeneity. the overall picture of mutation rate hetero-
geneity will be lost. However, if the number of partitions is too low, mutation rate
heterogeneity may be overshadowed by the averaging of rates among sites. In an
attempt to resolve this, section length was set in proportion to total sequence length,
rather than a set section length.

The likelihoods of the partitioned models (that is, ABA, BAA, AAB, or B-A+B-)
were obtained by summing the (n L,,,, obtained for 4 and B sections, where L, q,
is the maximum likelihood estimate. The partitioned model with the greatest like-
lihood was used to create 1000 simulations. The MrBayes tree and 9 section-
specific baseml estimated parameters were used to generate alignments in Seq-
Gen, one section at a time. Sequences from section 4 and section B were then
pieced back together and tested for recombination. Simulations were created in
the same fashion from the no-partition model (444) except that the concatena-
tion step was not necessary. Note that before supplying any trees to Seg-Gen, all
multifurcations must be changed to zero branch lengths, as Seg-Gen only allows
multifurcations at the root of the input tree.

At this step, maximum likelihood is an inappropriate means of comparing the
models because the models have different degrees of freedom (d.f.). The Akaike
Information Criterion (AIC) (Akaike, 1974) was used to determine whether a par-
titioned model (ABA, BAA, AAB, or B-A+B-) was significantly better than a no-
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partition model (AAA). The AAA model has 9 d.f. (5 rate ratios, 3 nucleotide fre-
quencies, and 1 I" shape parameter), while the other partition models have 18 d.f.
(9 d.f. for partition A and 9 d.f. for partition B). Since maximum likelihood is de-
signed towards models that are most fitted to the data, the model with more d.f. will
always be favoured, even if the extra d.f. do not provide more information. A more
appropriate means of comparing models with different d.f. is to use the AIC, which
takes into consideration how much the model improves when degrees of freedom
are added. The AIC was calculated as 2d. f. — 2inL where there 9 d.f. in the AAA
model, and 18 in all other models.

4.3.2 Types of partition rate heterogeneity

Branch lengths estimated from section A were compared to the branch lengths esti-
mated from section B to determine whether the sections were evolving at different
rates and if so, in what way they were different (Figure 4.2). For each branch, the
ratio of section A branch length over section B branch length was recorded. There-
fore, if the branch length ratio was greater than 1, section A appeared to be evolving
faster than section B. Conversely, if the branch length ratio was less than 1, section
B appears to be evolving faster along that branch.

Given a model of evolution, branch lengths are inferred by the number and
type of substitutions occurring on that lineage. Assuming an even rate of evolu-
tion across the length of the sequence, one expects segregating sites to be evenly
distributed along the length of the sequence. However, the stochastic nature of evo-
lution ensures that the distribution of segregating sites will rarely ever be evenly
distributed. With this in mind, a null distribution for branch length ratios was esti-
mated. In this distribution, partitioned alignments were simulated as before, except
that the same tree and parameters were supplied to both partitions. Therefore, any
differences between the sections would be due to stochastic effects. Maximum like-
lihood estimated parameters from the AAA no-partition model were used to create
1000 simulations. The partitioned pattern with the greatest likelihood was used.
Each branch was compared between partitions and linear regression of section A
branches on section B branches was carried out. A 95% prediction interval was
calculated off the linear regression, and is the interval within which 95% of ob-
served data-points are expected to fall. If the branch length ratios of the animal
mtDNA data fell within the 95% prediction interval, the animal mtDNA partitions
were not significantly different from each other. If the branch lengths of the animal
mtDNA fell outside the prediction bounds, section A and section B are inferred to
be evolving at different rates. Whether this constituted a cold spot, hot spot, or
tree-wide heterogeneity (for A relative to B) depended on whether the points fell
below, above, or both below and above the prediction bounds, respectively.
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Figure 4.2: Examples of regional differences in substitution rates. Columns rep-
resent trees estimated from different sections of the alignment, each row describes
possible outcomes and how they are interpreted.
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4.4 Results

4.4.1 Partitioned models versus no-partition

The real data was partitioned lengthwise into two sections, and one set of parame-
ters was estimated from each section. Partial sequences were simulated, then con-
catenated to form a complete simulation dataset. The maximum likelihood of simu-
lated partitioned dataset was compared to the maximum likelihood of the sequence
simulations without partitions (AAA). This comparison, which was done using AIC,
was to judge whether the real sequences were better modeled with partitions or
without partitions. For all but one animal mtDNA dataset, the maximum likelihood
partitioned model had a significantly lower AIC than the AAA model, and hence is
the more appropriate model. The exceptional case was Mandrillus sphinx, where
a small difference in AIC between AAA and the maximum likelihood partitioned
(< 1) supported AAA as the better model. We also compared the no partition (AAA)
and partitioned model with highest likelihood (see Table B.2) using the likelihood
ratio test (LRT). As expected, the partition models were significantly better than no
partition model; even for the Mandrill dataset (p-value 0.0444).

4.4.2 Types of partition rate heterogeneity

The animal datasets were divided into three categories based on the differences
in substitution rate between sections (Table 4.2), as inferred from corresponding
branch lengths between sections. Datasets with no significant difference between
branches from tree A and tree B are Mandrillus sphinx, Alpheus lottini, Campy-
lorhynchus brunneicap, and Gonatus onyx (Figure 4.3). Datasets where either tree
A or tree B contained a cold spot are Micropterus salmoides, Vesicomya paci-
fica, Libellula quadrimaculata, Dendroica petechia, Apodemus sylvaticus, Gom-
phiocephalus hodgsoni, Papio papio, Passerella iliaca, and Merlangius merlangus
(Figure 4.4). Finally, datasets where both tree A and tree B contained cold spots
are the Sulawesi macaques, Bursaphelenchus conicaudatus, Macaca nemestrina,
Microtus longicaudus, Macrodon ancylodon, Bradypodion occidentale, and Grus
antigone (Figure 4.5).

In Piganeau, Gardner and Eyre-Walker (2004)’s broad survey of recombina-
tion in 267 animal mtDNA, a Bonferroni correction was used to correct for testing
multiple datasets. After this correction was implemented, only four datasets re-
mained statistically significant — Bursaphelenchus conicaudatus, Macaca nemest-
rina, Microtus longicaudus, and Micropterus salmoides. Interestingly, three of
these datasets — Bursaphelenchus conicaudatus, Macaca nemestrina, and Micro-
tus longicaudus— display two-way heterogeneity, indicating the data are comprised
of sites where one part of the sequence evolves faster in a subset of taxa whereas
another part of the sequence evolves faster in a different subset of taxa. The fourth
independently significant dataset is Micropterus salmoides, and falls in the one-
way heterogeneity category. In other words, Piganeau, Gardner and Eyre-Walker
(2004)’s strongest and most robust examples of recombination in animal mtDNA
are among those with the most widespread heterogeneity.
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Figure 4.3: Datasets with no regional differences in animal mtDNA: A = B. Grey
points represent branches from AAA simulations. Blue points represent branches
from the animal mtDNA. Linear regression of branch A on branch B is represented
by the black line, and red lines delineate the 95% prediction bounds. The graphs of
Mandrillus sphinx, Alpheus lottini, and Campylorhynchus brunneicap were scaled
to more closely show the location of observed data, consequently leaving some
simulation data out of the picture. Graphs displaying all simulation data are can be
found in Figure B.1.
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Figure 4.4: One-way heterogeneity in animal mtDNA: A > B or A < B. Grey
points are branches from AAA simulations. Blue points are branches from the ani-
mal mtDNA. Black line is linear regression of branch A on branch B, and red lines
are the 95% prediction bounds. The graphs of Vesicomya pacifica, Libellula quadri-
maculata, Gomphiocephalus hodgsoni, and Macrodon ancylodon were scaled in.
See Figure B.1 for full picture.
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points represent branches from AAA simulations. Blue points represent branches
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Table 4.2: Regional rate differences in animal mtDNA. A and B refer to the average
substitution rate along a branch for sites from section A or section B, respectively.
P-values are summarized from Piganeau, Gardner and Eyre-Walker (2004): # % x <
0.0005 < ** < 0.005 < * < 0.05 < —. GC - GENECONV, MX - Max x?, LDR -
LDr?, LDD - LD|D/|.

Category  Dataset (common name) GC MX LDR LDD
No Mandrillus sphinx (mandrill) - *k - &
difference  Alpheus lottini (snapping shrimp) - s - -
A=B Campylorhynchus brunneicap (wren) - o i -
Gonatus onyx (squid) - - *i na
One-way  Micropterus salmoides (bass) e aRR kR -
difference Vesicomya pacifica (bivalve) ik ¥ % -
A< B Libellula quadrimaculata (dragonfly) - * - -
or Dendroica petechia (warbler) . - i na
B> A Apodemus sylvaticus (woodmouse) - A ® -
Gomphiocephalus hodgsoni (springtail) R - -
Papio papio (baboon) * - ¥
Passerella iliaca (sparrow) * - % =
Merlangius merlangus (whiting) £ - 2 -
Two-way  Sulawesi macaque = B i -
difference Bursaphelenchus conicaudatus (Nematode) =~ F** ¥k ook ik
A< B Macaca nemestrina (Pig-tailed macaque) - ek ek -
and Microtus longicaudus (Vole) TEE EES - -
B< A Grus antigone (Crane) - - * *
Macrodon ancylodon (King weakfish) - - N e
Bradypodion occidentale (Chameleon) - & # na

The three categories of partition rate heterogeneity are summarized in Table 4.2,
along with a summary of Piganeau, Gardner and Eyre-Walker (2004)’s recombina-
tion test results.

4.4.3 Partitioned models produce false positives

Each simulation dataset consisted of 1000 alignments. The alignments were tested
for recombination, and the number of times recombination was detected is pre-
sented in Figures 4.6-4.14. Since recombination was not included in the simula-
tions, any detected recombination is a false positive.

Without exception, tests performed worse when the data was partitioned (448,
BAA, ABA, B-A+B- partition models) than when only one set of parameters and
branch lengths was provided for the whole sequence (444). Max y*, GENECONV,
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and LDr? performed the worst, sometimes returning up to 80% false positives.
Generally, datasets with more mutation rate heterogeneity produced more false pos-
itives in more tests; datasets where cold spots were present in both trees produced
the most recombination, while datasets without any cold spots produce the least.

The recombination results of datasets without mutation rate heterogeneity are
summarized in Figures 4.6-4.8. The animal mtDNA without differences in rates
between sections A and B (Figure 4.3) did not produce an elevated level of false
positives (> 10%), except in the case of Mandrillus sphinx in LDxr* and Campy-
lorhynchus brunneicap in LD|D'| (Figure 4.8).

Most of the animal datasets tested (55%) had significant differences in evolu-
tionary rates between section A and B, where branches in one section were evolving
slower than or equal to the branches in the other section (Figure 4.4). That is, either
section A contained cold spots relative to section B, or section B contained cold
spots relative to section A. Results of the recombination tests are presented in Fig-
ures 4.9-4.11. Simulations from these datasets produced over 10% false positives
in GENECONV, Max x? (Figure 4.9), LDr?, and LD|D'| (Figure 4.11).

The third category also contained datasets where the evolutionary rates between
section A and B differed, such that both section A and B contained slow evolving
sites. That is, section A contained cold spots relative to B, but elsewhere in the tree
section B contained cold spots relative to A (Figure 4.5). False positives returned
by these datasets are presented in Figures 4.12-4.14. As a group, this category
produced an elevated level of false positives from all tests. Two datasets, Macrodon
ancylodon and Bradypodion occidentale, do not produce an elevated level of false
positivesin Reticulate or PHI (Figure 4.13). This is probably related to the fact
that their cold spots in section A has a lower significance than the other datasets in
this category.

4.5 Discussion

Heterotachy is widespread in the mitochondrial genome. For example, at least
28% to 95% polymorphic sites are heterotachous in mitochondrial coding regions
(Lopez, Casane and Philippe, 2002), and the position of heterotachous sites does
not appear to be tied to functional divergence nor spatial structure of the protein.
Typical models of heterotachous evolution are defined by an evolutionary rate for
a particular site that changes over time, or between lineages. Here, we consider a
heterotachous model where the evolutionary rate of a cluster of sites changes over
time. This model is similar to the likelihood model of Meade and Pagel (2008)
which allows variation in rates at different sites considering multiple sets of inde-
pendent branch lengths (i.e. trees with different branch lengths but the same topol-
ogy). Likelihoods are summed over the sites for every set of branch lengths. In this
way, heterotachous sites will favour different sets of branch lengths. Here, the data
is partitioned into sections, and different sets of branch lengths are tested for each
section. The likelihoods are then summed over each section.

We have previously shown that mutation cold spots can produce false posi-
tives for recombination (Chapter 3). While Max y?, GENECONV, and LDr? were
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highly susceptible to mutation cold spots, Reticulate, PHI, and LD|D'| were
sensitive to cold spots under certain limited conditions, such as a small proportion
of cold-spot containing sequences, but large proportion of cold sites. We suggested
Reticulate, PHI, and LD|D’| would produce a significant level of false positives
when mutation cold spots were present in a fast (or hot) mutation rate background
or when a mutation hot spot was also present. The latter is illustrated in the animal
datasets with two-way differences (Figure 4.12-4.14). In these datasets, section 4
1s faster evolving than section B in some lineages, but section B is evolving faster
than section 4 in other lineages. Consistent with our hypothesis, simulations off
these datasets produced approximately 20% false positives in Reticulate and
PHI and over 10% false positives in LD|D’|.

These indirect tests for recombination have been used in studies screening a
wide range of animal mtDNA that we did not include in our simulation analysis
here (Tsaousis et al., 2005; Ujvari, Dowton and Madsen, 2007). However, it seems
likely that simulations from these other datasets would also produce elevated false
positives. Other indirect tests that have been used to detect recombination do not
distinguish between regional mutation rate heterogeneity, and will likely produce
as much or more false positives as the tests evaluated here.

The possibility of widespread recombination in animal mtDNA caught immedi-
ate attention as it implied important consequences for phylogenetic and population
studies. We have shown that if mtDNA is not recombining, the signals detected by
indirect recombination tests (Piganeau, Gardner and Eyre-Walker, 2004; Tsaousis
et al., 2005; Ujvari, Dowton and Madsen, 2007) are likely detecting regional mu-
tation rates that change in time, or heterotachous clusters of sites. These results do
not refute the possibility that recombination can and does occur in animal mtDNA.
Rather, it casts serious doubts on the ability of indirect recombination tests to dis-
tinguish between recombination and regional mutation rate heterogeneity, or het-
erotachy. Ironically, this alternative to recombination also has important implica-
tions for phylogenetics, because heterotachy will generally reduce the accuracy of
maximum parsimony methods (Philippe ef al., 2008), and will always decrease the
accuracy of maximum likelithood methods (Kolaczkowski and Thornton, 2004) un-
less branch lengths of the tree are allowed to differ between sites (Meade and Pagel,
2008).
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Chapter 5

Fixation probabilities of
advantageous mtDNA mutations

5.1 Abstract

Analogous to a population within a population within yet another population, the
fixation of new mitochondrial mutations is difficult to model given the high de-
gree of polyploidy which complicates the interplay between drift and selection.
Using simulations, the fixation probabilities of mitochondrial mutations were in-
vestigated under various modes of dominance and levels of polyploidy. Mutations
in both single-celled and multi-cellular organisms were simulated under different
numbers of mitochondria per cell, cell divisions, and selective pressures. Within-
generational drift can either increase or decrease the fixation probability of advanta-
geous mutations, depending on the mode of allelic interaction, or dominance. This
is discussed in relation to the number of cell divisions per generation, mtDNA per
cell, and heteroplasmy in a cell or individual. Bottlenecks enhance the effect of
within-generational drift, but the addition of a somatic cell line, separate from the
germ cell line but upon which selection acts, does not affect fixation probabilities.

5.2 Introduction

One fundamental way in which the fixation in mitochondrial genomes differs from
fixation in the nuclear genome is the degree to which genetic drift (stochastic
changes in allele frequencies in a population) plays a role. Genetic drift occurs
in nuclear and mitochondrial genes due to random (i.e. stochastic) partitioning of
alleles from one generation to the next during meiosis — a bottleneck event. How-
ever, mitochondrial genes undergo additional genetic drift events within generations
as organelles are partitioned randomly into daughter cells during mitosis. In addi-
tion to within-generation drift, intracellular drift occurs via random replication and
turnover of mitochondria and mitochondria genomes (Birky and Skavaril, 1984).
Although genetic drift does not preferentially shift allele frequencies towards fix-
ation or loss, alleles found at low frequencies, such as new mutations, are more
vulnerable to being lost through these multiple levels of genetic drift than when
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found at higher frequencies. Genetic drift is more effective when the effective pop-
ulation size, N, is smaller, leading to random changes in allele frequencies and a
decrease in heterozygosity.

A new deleterious mitochondrial mutation does not have very good prospects
of surviving to fixation. With hundreds of thousands of copies of mtDNA genomes
in a cell, the new mutation will not only be out-replicated and out-sampled by the
wild type allele, but selection will also be acting to remove it from the population.
An advantageous mutation is also subject to a high level of drift, but if able to
survive long enough for the allele frequency to increase, selection may become
more predominant than drift and fix the mutation. For example, a dominant allele
will rapidly spread through a mitochondria, cell, or population, provided it is not
eliminated by drift early after it arises.

Allelic mode of dominance in the face of mtDNA polyploidy is another issue
for new mutations. In the incomplete dominant case, selective advantage is propor-
tional to the frequency of the mutant allele. For the recessive case, the mutation
is effectively neutral until fixed. At low allele frequencies, most of the allele is in
the form of heteroplasmic cells or mitochondria, which has lower or no selective
advantage. Until the allele reaches a certain frequency, the effect of selection will
be outweighed by the effect of drift.

On the other hand, within-generation drift and polyploidy within an organelle,
cell, and individual have been suggested as methods of limiting the spread of delete-
rious mutations while promoting the spread of advantageous mutants (Takahata and
Slatkin, 1983). This was suggested to occur through and increase in the amount of
variation in the population on which selection acts, under a model where mutations
have an additive effect on fitness — more mutations mean more effect on fitness.

We used computer simulations to investigate the rates of mitochondrial mutation
fixation and the interplay between genetic drift and selection under three modes of
dominance: complete recessivity, incomplete dominance, and complete dominance.
We also explored the effect of bottlenecks and multiple cell lines on the probabil-
ity of fixing a new mitochondrial mutation. Population dynamics of mitochondrial
mutations were simulated under different selective pressures and assumed strict
maternal inheritance. Uniparental inheritance of mitochondrial genomes is com-
monly observed in all animals, with the exception of bivalve mussels. Different
organisms use different mechanisms to ensure uniparental inheritance and although
these mechanisms are not foolproof (e.g. paternal leakage), generally when consid-
ering uniparental inheritance, the only way for heteroplasmy (the presence of more
than one type of mitochondrial DNA in an organelle, cell, or individual) to arise is
through new mutations.

5.2.1 Expectations

For a mitochondrial mutation, the probability of fixation is —= where m is the num-
ber of mitochondria per cell, and N is the number of mdmduals in the population.
As the number of mitochondria per cell increase, so does the number of genetic
drift events. In terms of changes in allele frequency due to genetic drift, small fre-
quency changes are more likely than large changes. If the initial frequency of a new
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mitochondrial mutation is very low (according to Piko and Taylor (1987), there can
be up to hundreds of thousands of mitochondria per cell in certain tissues of some
species), the probability of fixation due to genetic drift will also be very low, and
will decrease as the number of mitochondria and cell divisions increases. However,
as the number of mitochondria per cell increases, so will does the total number of
alleles. This is analogous to an increased population size. With a larger population
size, the probability of chance events decreases, so one would expect the fixation
probability of a neutral allele to decrease with increased numbers of mitochondria
per cell or increased population size.

Selection is expected to be the primary force of evolution in large populations.
If this is so, the fixation probability of advantageous alleles should increase as the
number of mitochondria per cell increases. However, newly arisen mutations are
easily lost due to drift because of low initial allele frequencies. As more layers of
drift are added, such as bottlenecks or additional cell lines, there are more opportu-
nities for the alleles to be lost, and the fixation probabilities should decrease.

Bottlenecks

Conventionally, drift and the small N, of mitochondria is expected to contribute
to the overall accumulation and fixation of deleterious mutations in cells, lead-
ing to genetic melt-down. Although within-generational drift indeed increases and
decreases fixation probability of mildly deleterious and advantageous mutations
within a cell, respectively, studies have suggested that drift produces the reverse
effect at the population level, provided the mitochondrial mutations do not affect
fitness of individual mitochondria, but only affect the fitness of individuals (Taka-
hata and Slatkin, 1983; Bergstrom and Pritchard, 1998), and that there is strict uni-
parental inheritance (Roze, Rousset and Michalakis, 2005). A similar effect has
been observed in simulations of mildly deleterious mutations with an mtDNA bot-
tleneck. Tight bottlenecks (20 segregating units or fewer), dramatically increased
the relative fitness of individuals. As the bottleneck was tightened, the relative
fitness of the most fit individuals increased (Bergstrom and Pritchard, 1998), out-
weighing the negative effects of having fewer “most fit” individuals, such that the
net result was a reduced fixation of mildly deleterious mutations in the population.
However, whether such a tight bottlenecks occur in biology has been questioned
(Neiman and Taylor, 2009). Generally, bottlenecks are thought to be contributors
to the high genetic load of mitochondria. Whether or not a bottleneck affects fixa-
tion of advantageous alleles under different modes of dominance has not yet been
investigated.

5.3 Method
Life cycle: Overview

The fixation probability of advantageous mitochondrial mutations was simulated
for a population with strict maternal inheritance and non-overlapping generations.
Each simulation followed the mutant allele frequency in a population of 5000 fe-
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males from an initial frequency of Al] in one individual, where )M is the the number
of mtDNA/cell, through multiple generations, to a final outcome of allele fixation
or loss. Simulations were repeated until 1000 fixations were observed. The proba-
bility of fixation was calculated as 1000 divided by the total number of simulations
conducted.

Development: Within-generational drift

Each generation begins with a population of zygotes. Zygotes undergo c cell di-
visions to reach adulthood. At each cell division, mitochondria are randomly
partitioned into daughter cells. This random partitioning is a source of within-
generational drift, and was modeled by selecting a random binomial deviate at each
division. The randomly selected binomial deviate represents how many mutant
mtDNA the daughter cell contains, and is based on the allele frequency of the par-
ent cell. The daughter cell inherits M mitochondria, each of which has a {; proba-
bility of containing a mutant allele, where m is the number of mutant mtDNA/cell.
Using a binomial deviate to model drift during cell division is appropriate because
inherited mitochondria is either mutant or wild-type so there are only two possible
outcomes; mitochondria are partitioned independently of each other.

Adulthood: Selection and modes of dominance

Allele frequencies of the next generation were determined by multiplying allele fre-
quencies by the appropriate relative fitness (according to the mode of dominance).
Only beneficial mutations were considered and selection only acted on adults. Each
individual possessed between 0 to M/ mutant mitochondria. Individuals were sorted
into M + 1 bins based on how many mutant mitochondria, m, they possessed. Each
bin, therefore, represents the proportion of the population with /m mutants, f,,. The
value of f,, after selection was calculated according to the mode of allelic domi-
nance. For dominant mutations, f,, when m > 0 was

fou ¢ 0 H D) 5.1)
Wq
and when m = 0: i
Jox —. (5.2)
Wy

For an incomplete dominant mutant, selection acts on the individual based upon
the proportion of mitochondria with the mutation. The more mutations an individ-
ual possesses, the greater the fitness of that individual. For incomplete dominant
mutations, f,, after selection was

M
Wiq

(1+ 2 xs)

Jm % (5.3)



CHAPTER 5. FIXATION OF ADVANTAGEOUS MUTATIONS 82

For recessive mutations, f,,, when m < M was calculated as

1

Jm X — (5.4)
Wy
and when m = M,
1.0+ s
Jm % (—~u—) (5.5)

b
Two selection coefficients, s, were considered: 0.01 and 1.00. Mean fitness was cal-
culated according to the allelic mode of dominance: complete dominance, incom-
plete dominance, or complete recessive (Equations 5.6, 5.7, and 5.8, respectively).

M
Wy = fo+ Y (fm X (1+5)) (5.6)
M m
Wia = ) (fmx (14 T s)) (5.7)
m=0 M
M-1
Wy = X (L+8)+ D fm (5.8)
m=0

Inheritance: Between-generational drift

Using the f,,, values, a cumulative distribution of within-individual allele frequen-
cies was created. This distribution represented the genetic profile of the population
in the present generation. The allele frequency at the start of the next generation,

+» was determined by selecting a random number from the distribution of f,, after
selection for each individual. In this way, f,, classes representing a larger pro-
portion of the population are more likely to be selected but a stochastic element,
representing random mating, also had an effect on f;,. The number of mutants,
m, associated with the selected f,,, class was inherited by an individual in the next
generation. Random selection of f,, classes continued for each individual. A new
random number was selected for each individual in the next generation.

Bottleneck

We also considered the effect of bottlenecks on fixation probabilities. A bottleneck
was added between each generation, modeling the changes in mtDNA/cell that oc-
cur from adults to oocytes to zygotes. The bottleneck restricted the number of mi-
tochondria passed from parent to offspring to %. During recovery from bottleneck
there is unbiased replication of mtDNA such that allele frequencies immediately
after the bottleneck are the same upon recovery from the bottleneck. Although one
can argue that this bottleneck model disregards changes in allele frequencies during
cell divisions in development, observations in heteroplasmic bovine clones suggest

mtDNA frequencies are relatively constant during prenatal development (Steinborn
et al., 2000).
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Multicellularity: Germ + Soma

So far only germ cells have been considered. This is appropriate for modeling uni-
cellular life, but otherwise assumes mitochondria in somatic cells have no effect on
the fitness of multi-cellular organisms. This over-simplification was addressed by
adding a somatic cell line to the germ only model. In this two cell line model, which
is also referred to as the germ+soma model, simulations begin with a single mutant
mtDNA in the germ cell line and a single mutation in the somatic cell line of one
individual. Fitness is determined by the allele frequencies of somatic cells, but it is
the germ line frequencies that are passed to the next generation. Allele frequencies
of the two cell lines are otherwise independent, drifting along separate paths during
zygote development. Each simulation continues until germ allele frequencies are
fixed or lost. Simulations ran until 10000 fixations were observed.

5.4 Results

Regardless of selection or mode of allelic interaction, increasing the number of
mtDNA/cell decreases fixation probabilities (Figure 5.1 and Figure 5.2). Since all
simulations began with one mutant mtDNA in the population, the fixation probabil-
ities of neutral mutants decreased in proportion to the increase in total mtDNA per
cell, as expected.

The fixation probabilities of recessive, incomplete dominant, and dominant mu-
tants decreased by varying amounts; the fixation probabilities of recessive muta-
tions decrease the most, while dominant mutations decrease the least. In fact, when
selection is strong (s = 1.00), the fixation probability of completely dominant mu-
tations remained nearly constant when mtDNA/cell was increased from 10 to 100
(Figure 5.2). The incomplete dominant fixation probability fell between these two
extremes.

As the number of cell divisions within a generation, ¢, increased, fixation prob-
abilities: of completely dominant mutations decreased; of incomplete dominants
decreased slightly; and of recessive mutations increased. Exceptions to this trend
were when there was one mtDNA/cell, or when selection was weak (s = 0.01) and
there were 10 mtDNA/cell. In these cases, the fixation probabilities of the selected
mutants did not appear to fluctuate with increased cell divisions and appeared indis-
tinguishable from one another. The fixation probabilities of neutral mutations were
unaffected by the number of cell divisions per generation.

Under weak selection (s = 0.01), the fixation probability of completely reces-
sive mutants is approximately equal to the fixation probability of completely dom-
inant mutants when there are as few as 10 cell divisions/generation (Figure 5.1).
Under strong selection (s = 1.00), fixation probabilities of recessive and domi-
nant mutants converge between 10 to 20 cell divisions/generation when there are
10 mtDNA/cell, or at more than 50 cell divisions/generation when there are 100
mtDNA/cell.

A bottleneck was created which reduced the number of mtDNA passed from
adult to zygote from M to %. Addition of this bottleneck did not decrease the
fixation probability of incomplete dominant mutations, nor the fixation probabil-
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(b) Weak selection, s = 0.01, with bottleneck.

Figure 5.1: Fixation probability of new mitochondrial mutants when s = 0.01.
Initial frequency % where M is the total number of mitochondria in an individual.
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Figure 5.2: Fixation probability of new mitochondrial mutants when s = 1. Initial
frequency Alf where M is the total number of mitochondria in an individual.
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Figure 5.3: Fixation probabilities in a two cell line model. s = 0.01. Fitness is
determined from somatic allele frequencies and germ allele frequencies are passed
on to next generation. Initial frequency in each cell line was ﬁ where M is the total
number of mitochondria in an individual.

ity where mutations converged, but did decrease the spread of fixation probabil-
ities between mutants with different modes of dominance (Figure 5.1 and Fig-
ure 5.2). With a bottleneck, the greatest difference between fixation probabilities
between dominant to recessive mutants was 0.088 at 100 mtDNA/cell and 1 cell
division/generation. Without a bottleneck, the greatest difference between fixation
probabilities between dominant to recessive mutants at 100mtDNA/cell and 1 divi-
sion/generation was 0.390665. In short, including a bottleneck increases the fixa-
tion probability of recessive mutations by 1.07 x 10~ to 2.12 x 10~2 and decreases
the fixation probability of dominant mutations by 1.54 x 1072 to 3.01 x 10~!. Fix-
ation probabilities of neutral mutations were unaffected.

Addition of a second cell line was expected to introduce an additional level of
drift, leading to lower fixation probabilities for new mutations. Interestingly, the
additional cell line did not change fixation probabilities (Figure 5.3).

5.5 Discussion

Within-generational drift and dominance

Between-generational drift (drift due to random mating and bottlenecks) is con-
stant because the size of the population does not change. There are two ways of
increasing within-generation drift. Depending on the method of increasing drift,
within-generational drift can increase or decrease fixation probabilities. The first
way to increase within-generational drift is to increase the number of cell divisions
per generation. Increasing the number of cell divisions per generation increases the
fixation probability of completely recessive advantageous mutations, but decreases
the fixation probability of completely dominant advantageous mutations. The point
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where fixation probabilities of recessive and dominant mutations converge depends
on the number of cell divisions per generation, the number of genomes per cell, and
the selection coefficient. The fixation probability where alleles with different modes
of dominance will eventually converge can be estimated from fixation probability
of incomplete dominant allele. The other method of increasing within-generational
drift is to increase the number of mtDNA/cell. Since all mutations in this model are
effectively neutral within-generations, this increasing the number of mtDNA/cell
decreases the fixation probability by decreasing the initial frequency.

If selection is the primary driver of evolution, not only will the fixation prob-
abilities of the advantageous mutant be much greater than the fixation probability
of neutral mutations, but the fixation probabilities of mutants with different modes
of allelic interaction will be equal. This is most clearly illustrated by simulations
with one mitochondrial genome per cell. Within-generation drift is eliminated be-
cause there can be no sampling effects when the entire pool is retained between
generations. Although there is still between-generation drift through random mat-
ing, fixation probabilities of mutants with different modes of allelic interaction are
virtually indistinguishable.

This study demonstrates the interplay between drift and selection as exhibited
by the fixation probabilities of new mitochondrial mutations. In some respects, mi-
tochondrial mutations behave the same as nuclear mutations, such as when selection
or drift is removed (neutral mutations or M = 1, respectively). As observed here,
the probability of fixation for neutral mutations in the population of N females
equals the initial mutation frequency, or +--w. When M = 1 all cells carrying
the mutant are immediately fixed so the mode of dominance is no longer a factor.
Simulation fixation probabilities of all advantageous mutations equaled 0.02 when
s = 0.01 and 0.8 when s = 1. These values follow the expectation for fixation
probabilities of advantageous mutations:

1 —g2*
T (5.9)

Fixation probabilities of mitochondrial mutants when A > 1 and when s # 0
become a question of the dynamics of fixation within a cell or individual, as well
as the dynamics of fixation between cells. The probability of fixation due to drift
within a cell equals the initial allele frequency, ﬁ; increasing M decreases the
probability of fixation through drift alone. This is reflected in the observed decrease
in fixation probability when A/ is increased. The decrease in fixation probability is
proportional to the increase in A/, with the exception of dominant mutations under
strong selection, where the drop in fixation probability is less severe. In fact, when
s = 1 and ¢ < 10, fixation probabilities of dominant mutations between M = 10
and M = 100 are approximately equal. These conditions — strong selection and
low ¢ — decrease the effect of drift relative to selection.

Our results show that within-generation drift can both increase or decrease fixa-
tion probabilities of new mitochondrial mutations. This can be explained by the ef-
fect of within-generation drift on genetic diversity within the cell, or heteroplasmy.
In these simulations, a mutation arises once and only once in a single individual.
The allele frequency of the mutant is followed until the mutation is fixed in the en-
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Table 5.1: Probability a cell is heteroplasmic after ¢ cell divi-
sions from zygote to adult, K,. K, is the probability of the cell
being heteroplasmic as a zygote.

(a) K, in the first generation (K. = 4, N = 5000 females)
M c=1 c=10 c=20 c= 50

10 1.8x10* 7.0x10"® 24x107% 1.0x10°®
100 20x107% 1.8x107* 16x107% 12x 104

(b) K, in any generation.
M c=1 c=10 ¢= 20 ¢ =80

10 90x107'K, 35x107'K, 12x107'K, 52x107°K,
100 99x107'K, 9.0x107'K, 81x107'K, 6.1x107'K,

tire population. Critical to fixation in the population is fixation within the original
mutation-carrying individual. When the mutation is fixed in the cell, the individual
is more likely to reproduce due to a fitness advantage conferred by the mutation.
Before the mutation is fixed within the individual, however, fitness advantage is
conferred depending on the mode of allelic interaction, or dominance, of the muta-
tion. During the heteroplasmic state, dominant mutations will confer an advantage
equal to the advantage conferred when the cell is homoplasmic for the mutant, in-
complete dominant mutations confer an advantage that is proportional to the allele
frequency within the cell, and recessive mutations confer no advantage.

Homoplasmy and fixation

When adult cells are homoplasmic, fixation probabilities of advantageous mutations

are equal, regardless of the mode of dominance. Mutations with different modes

of dominance, then, will fix at equal probabilities under conditions that facilitate

homoplasmy, such as when A/ = 1, or with an increase in c¢. Birky, Maruyama and

Fuerst (1983) showed that the probability an adult cell being heteroplasmic, K, is
1

Ko=(1-—=)K

= (5.10)

where A, is the probability a zygote cell is heteroplasmic. In other words, cells are
increasingly likely to be homoplasmic when K, is small, which occurs when M is
low or ¢ is high. This is supported by the fixation probabilities reported here, which
converge as K, — 0 (Table 5.1). When M is small, K, decreases dramatically
with increasing ¢. When K, > 0, dominant mutations still confer a fitness advan-
tage, but recessive mutations, regardless of s, are effectively neutral. However, the
fixation probabilities of dominant and recessive mutations converge as A, — 0. At
this point, cells are almost always homoplasmic. Decreased heteroplasmy leads to
increased fixation probability of recessive mutations because recessive mutants are
essentially hidden in heteroplasmic cells. When K, — 0, the proportion of time
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cells are heteroplasmic could be shifted to cells being homoplasmic and lost, which
does not change the playing field for recessive mutations, or could be shifted to
cells being homoplasmic and fixed, in which case fitness advantage is conferred.
In contrast, decreased heteroplasmy decreases fixation probabilities of dominant
mutations because the missing heteroplasmy would have conferred a selective ad-
vantage, but it now the mutation is either fixed (no better off than before) or lost. In
other words, as within-generation drift is increased, fixation probabilities of reces-
sive mutations have nowhere to go but up, and dominant mutations have nowhere to
go but down. Based on Table 5.1 and Figure 5.1 for s = 0.01, fixation probabilities
of advantageous mutations converge when K, < 1.8 x 107, When selection is
stronger (increased s or M), mutations are more robust to decreased heteroplasmy
and fixation probabilities will converge at a lower K, (or higher c).

Bottlenecks

Conventionally, drift and the small /N, of mitochondria is expected to contribute to
the overall accumulation and fixation of deleterious mutations in cells. Without re-
combination, this is expected to develop an unstable genetic load, leading to genetic
melt-down; an expectation termed “Muller’s Ratchet™ by Felsenstein (1974). Al-
though within-generational drift indeed increases and decreases fixation probability
of mildly deleterious and advantageous mutations within a cell, respectively, stud-
ies have suggested that drift produces the reverse effect at the population level, pro-
vided the mitochondrial mutations do not affect fitness of individual mitochondria,
but only affect the fitness of individuals (Takahata and Slatkin, 1983; Bergstrom
and Pritchard, 1998), and that there is strict uniparental inheritance (Roze, Rousset
and Michalakis, 2005). A similar effect has been observed in simulations of mildly
deleterious mutations with an mtDNA bottleneck. Tight bottlenecks (20 segregat-
ing units or fewer), dramatically increased the relative fitness of individuals. As the
bottleneck was tightened, the relative fitness of the most fit individuals increased
(Bergstrom and Pritchard, 1998), outweighing the negative effects of having fewer
“most fit” individuals, such that the net result was a reduced fixation of mildly
deleterious mutations in the population. Whether such a tight bottlenecks occur in
biology has been questioned (Neiman and Taylor, 2009), but even wide bottlenecks
can contribute to mitochondrial stability by slowing the accumulation of mildly
deleterious mutations within a cell (Bergstrom and Pritchard, 1998).

When M = 10, the bottleneck reduced the number of mtDNA/cell in zygotes to
1 mtDNA, and when M = 100, the bottleneck reduced the mtDNA/cell to 10 segre-
gating units. We observed that the bottleneck did not change fixation probabilities
of incomplete dominant mutations, or the fixation probability to which dominant
and recessive mutations approached as ¢ — oc, but the bottleneck did decrease the
¢ where fixation probabilities converged. This can be explained by decreased ge-
netic variability within a cell by the bottleneck; bottlenecks decrease K, for a given
¢ by decreasing N.. Our results are supported by Roze, Rousset and Michalakis
(2005), who looked at the effect of bottlenecks and parental inheritance on fixa-
tion probabilities under a more complex selection model, where selection can occur
between mitochondria as well as between cells or individuals. They found that



CHAPTER 5. FIXATION OF ADVANTAGEOUS MUTATIONS 90

bottlenecks have no effect on fixation probabilities when there is strict uniparental
inheritance, and limited effect when mitochondria are neutral within the cell.

Bottlenecks affect fixation probabilities in two ways. They may be beneficial to
the population, increasing fixation of advantageous mutations while decreasing fix-
ation of deleterious mutations increasing the amount of genetic variation between
cells (Bergstrom and Pritchard, 1998). Conversely, they may lead in an opposite
fashion, decreasing /N, and increasing fixation of deleterious mutations, or loss of
advantageous mutations, through drift. Simulation studies of mutations that are se-
lected for at the individual level but neutral at the mitochondrial level, have shown
that bottlenecks increase the efficiency of selection against deleterious mutations
(Bergstrom and Pritchard, 1998); the tighter the bottleneck, the more efficient the
selection. These results are supported by simulations of within-generational drift,
which was shown to encourage fixation of advantageous mutations, and the loss of
deleterious mutations (Takahata and Slatkin, 1983). However, bottlenecks have a
drastically different effect when biparental inheritance is allowed, even at low levels
of less than 1:10 ratio of paternal to maternal mtDNA (Roze, Rousset and Micha-
lakis, 2005). When there is paternal leakage, bottlenecks increase selection between
mitochondria but decrease selection between cells. Fixation probabilities of muta-
tions that are advantageous on the mitochondrial level will increase, while fixation
probabilities of deleterious mutations decrease, regardless of the effect these muta-
tions have on the individual’s fitness. These results suggest that strict uniparental
inheritance, combined with bottlenecks, do not contribute to Muller’s Ratchet, but
rather will actually help mitigate it.

Theoretical and empirical observations of mtDNA population dynamics support
the benefits of within-generational drift in aiding mtDNA stability. In this study,
the initial mutation arose at the beginning of development, just after the bottleneck.
Other studies have investigated the importance of timing in fixation of new mu-
tants. A mutation that arises just before a bottleneck must survive the bottleneck to
continue to fixation, while a mutation that arises at the beginning of development
must survive through c cell divisions as well as the bottleneck. Interestingly, Wahl
and Gerrish (2001) found that advantageous mutations have a better chance of fix-
ation if they arise early in the growth period long before the bottleneck, when the
population is small, rather than if they arise late just before the bottleneck, when
the population is large. This is particularly interesting considering early mutations
(ones that arise early in the growth period) must survive more cell divisions (oppor-
tunities for drift), as well as the observation that more mutations tend to occur late in
the growth period due to the larger population size. This suggests that the increased
initial frequency of early-arising mutations (mutations that arise when the popula-
tion is still small) the initial frequency of any allele is greater, thereby increasing the
fixation probability through drift in the upcoming cell divisions. Frederiksen ez al.
(2006) followed the frequency of a pathogenic mtDNA point mutation (3243A—QG)
within human individuals and observed that the frequency generally decreased with
age, except in the case of non-dividing cells. Mutation load decreased with age
in blood, cheek cells (buccal mucosa), and urine epithelial cells, but not in muscle
cells, which do not undergo mitosis (Frederiksen ez al., 2006). The authors sug-
gested this was due to purifying selection during mitosis. That is, this mutation,
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which is deleterious on the host-level, may also be deleterious on the mitochondrial
level. If this is so, the effect of the mutation within the cell must be deleterious on
mutant mtDNA segregation, but neutral in relation to mutant mtDNA replication,
as mitochondria continue to divide within muscle cells, despite the lack of mitosis.
An alternative, or perhaps supplemental, explanation is that the decreased mutation
load in dividing cells reflects the effect of within-generational drift in helping to
ensure genetic stability of mtDNA (Takahata and Slatkin, 1983). Differences in the
rate of mutation frequency decrease among the dividing tissue types are probably
correlated with differences in the rate of cell division.

Germ + Somatic cells

The addition of a second cell line and the separation of germ frequencies from se-
lection did not affect fixation probabilities. This is probably because the level of
heteroplasmy in both somatic and germ cells was equally low; the effect of sep-
arating germ frequencies from selection, if any, were outweighed by the effect of
heteroplasmy. In other words, in the germ only model, fixation probabilities were
driven primarily by drift. The contribution from adding another level of drift did
virtually nothing to change this balance between drift and selection.

Multiple levels of selection

Like a population within a population within a population, the fixation of mitochon-
drial mutants is determined by genetic drift and selection on three different fitness
components (intracellular, intercellular, and individual) which can be affected in
different ways by a single mutation. The mutant allele frequencies and substitu-
tion rates of each level may be correlated, but each will be determined by separate
genetic drift events, and may have different selective pressures (Backer and Birky,
1985; Walsh, 1992; Birky and Walsh, 1992). Any non-neutral mutation can affect
different components of fitness in different ways. For example, a mutant mitochon-
drial genome may affect the replication rate of the organelle, the fitness of the cell,
or the fitness of the individual — or all three at once, possibly even such that one
fitness component is increased while another is unaffected or decreased. The model
studied here only implemented selection at the host or individual level. Simulation
studies have suggested that the addition of selection at intercellular or intracellular
level does not change fixation probabilities, so long as strict uniparental inheritance
is maintained (Roze, Rousset and Michalakis, 2005). When uniparental inheritance
is compromised (e.g. paternal leakage), fixation probabilities of advantageous and
deleterious mutations become less sensitive to individual-level selection, and more
sensitive to intra- and intercellular selection. That is, fixation of mutations advan-
tageous to the individual but deleterious to the mitochondria will decrease, while
fixation of mutations deleterious to the individual but advantageous to the mito-
chondria will increase. This effect is especially emphasized when bottlenecks are
added to the model, underlining the importance of strict uniparental inheritance
in countering Muller’s Ratchet in the face of extensive within-generational drift in
mitochondrial evolution. Nevertheless, as far as our model is concerned, the addi-
tion of inter-mitochondrial and inter-cellular selection should not change our results
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here, so long as strict uniparental inheritance is assumed.

Linkage

Complete linkage of loci on the mtDNA genome reduces the efficiency of selec-
tion. Neutral or mildly deleterious mutations may become fixed due to linkage (or
“hitchhiking™) with a strongly advantageous allele. The reverse may also be true:
advantageous mutations linked to the more common deleterious mutations may be
lost as the deleterious mutations are selected against (“background selection™). In
the mitochondrial genome, where all loci are assumed as being completely linked
(although, see Part II), hitchhiking and background selection no doubt play an im-
portant role in the fixation of mitochondrial mutations. The effects of linkage on
new mutant fixation was investigated by Birky and Walsh (1988) with interesting
results. While neutral mutations are unaffected by complete linkage to either ad-
vantageous or deleterious mutations, fixation of advantageous mutations is always
decreased, and fixation of deleterious mutations is always increased, when there
is complete linkage — even if linked to an advantageous, or deleterious mutation,
respectively. They reason that linkage decreases N, leading to increased effect of
drift relative to selection. These results were obtained in simulations and/or math-
ematical models of incomplete dominant mutations in diploid populations where
selection acted upon the the loci. While this suggests linkage is detrimental to the
survival of a diploid cell, linkage may produce different results in a mitochondrial
system, which is polyploid and where there is extensive drift. As discussed pre-
viously, within-generational drift in a mitochondrial system seems to improve the
efficiency of selection in the population, while decreasing the efficiency of selection
within a cell. This within-generational effect should be even more emphasized if
linkage on the mtDNA genome strengthens the effect of drift.

Heteroplasmy within mitochondria

There is yet another level of polyploidy that was not considered here, and that is
the presence of multiple genomes within each mitochondria. There can be up to 10
mitochondrial genomes within each organelle (Nass, 1969a). So realistically, a new
mitochondrial mutation may arise in one of the multiple mitochondrial genomes
and one would have to account for fixation probability within an organelle. We
assumed that when a new mitochondrial mutation arose, it was already fixed within
an organelle. This simplification is often made in simulations of mitochondrial
population genetics, and is supported by empirically by human germ-line cells,
where mitochondria appear to effectively contain one mtDNA chromosome each
(Jansen, 2000).

5.6 Conclusion

With high levels of drift, a high mutation rate, and a lack of recombination, evolu-
tionary biologists have puzzled over the stability of mtDNA. Hypotheses to explain
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the persistence of this unique genome have included strong selection, or low lev-
els of recombination, or a role for drift in the maintenance of mtDNA. Here, we
used a dominance model to describe the interplay between selection and various
levels of drift: within-generations, between-generations (bottleneck), and with both
unicellular and multicellular models. Our results show that recessive mutations, or
mutations that are effectively neutral until fixed, have a higher chance of fixation
when drift is maximized, but dominant mutations, mutations that always confer the
maximum fitness advantage, regardless of the allele frequency, have a decreased
chance of fixation when drift is maximized; differences which are likely related to
the effect of drift on levels of heteroplasmy. Our results are consistent with the
hypothesis that within-generational drift can increase genetic stability under unique
mitochondrial genetics, but demonstrate that this is so only under certain modes of
dominance.
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Conclusion

This thesis addressed two fundamental aspects of mitochondrial population genet-
ics. The first, clonal inheritance of mtDNA in animals, focused on alternatives to the
detection of recombination in a wide range of animal datasets. It was demonstrated
that while macaque-specific mtDNA models were insufficient, a general model of
mutation rate heterogeneity, namely mutation cold spots, was a viable alternative to
recombination. We then directly placed mutation cold spots in a biological context,
using animal mtDNA to model cold spots in simulations without recombination.
An extremely high level of recombination false positives was detected for all tests.
These results directly demonstrate the limited ability of indirect tests to distinguish
recombination from mutation rate heterogeneity, and cast doubt upon numerous
reports of recombination in animal mtDNA.

This thesis also addressed the effect of dominance on the probability that a new
mitochondrial mutation will become fixed in a population. Mitochondrial evolu-
tion is characterized by extensive drift, both between and within generations. We
showed that whether within-generational drift increases or decreases fixation of ad-
vantageous mitochondrial alleles depends on the allele’s the mode of dominance;
as drift is increased, dominant mutations become less likely to fix but recessive mu-
tations become more likely to fix. Adding a bottleneck decreased the difference in
fixation probabilities between dominant and recessive mutations. Surprisingly, sep-
arating selection from allele frequencies in the germ line did not change the fixation
probabilities. These results support the theory that drift may play an important role
in maintaining mitochondrial evolutionary stability.
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Appendix A

Mutation cold spots produce
recombination false positives

Table A.l1: Recombination detected by GENECONV.
North/Central sequences are abbreviated to N/C and South
sequences are abbreviated to So.

Sequence Pair P-value  Pairing

661nigra; 597tonkma < 0.0000 N/C-N/C
661nigra; 547tonkea < 0.0000 N/C-N/C
599tonkpa; 597tonkma  0.0002  N/C- N/C
wf128tonk; 597tonkma  0.0002  N/C- N/C
599tonkpa; 604tonknm  0.0006  N/C- N/C
661nigra; 561tonkpo 0.0010 N/C-N/C
wfl28tonk; 604tonknm  0.0015  N/C-N/C
660nigra; 597tonkma 0.0027 N/C-N/C
644heckis; 599tonkpa 0.0027 N/C-N/C
661nigra; 569tonkpe 0.0029  N/C-N/C
660nigra; 575ochrea 0.0144  N/C- So

661nigra; 536tonkbu 0.0231 N/C-N/C
569tonkpe; 536tonkbu 0.0431 N/C-N/C
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Table A.2: Recombination detected by Max y?. The first se-
quence named in the sequence pair was removed from subse-
quent tests. The last column shows whether GENECONV in-
ferred recombination in that pair. North/Central sequences are
abbreviated to N/C and South sequences are abbreviated to So.

108

No. seqs. Seq. Pair P-value Pairing Breakpoint GENECONV
(nuc. pos.)
18 661nigra; 648heckin 0.000 N/C-N/C 909 N
17 660nigra; 648heckin 0.000 N/C-N/C 892 N
16 644heckis; 575ochrea 0.000 N/C-So 454 N
15 wfl128tonk; 597tonkma  0.000 N/C- N/C 906 Y
14 604tonknm; 704ochrea  0.000 N/C -So 355 N
13 561tonkpo; 704ochrea  0.000 N/C -So 406 N
12 648heckin; 575ochrea 0.000 N/C-So 433 N
11 599tonkpa; 597tonkma  0.000 N/C- N/C 882 ¥
10 597tonkma; 704ochrea  0.002  N/C -So 382 N
9 569tonkpe; 704ochrea 0.002 N/C-So 397 N
8 547tonkea; 704ochrea 0.006 N/C-So 404 N
7 655nigres; 575ochrea 0.016 N/C-So 421 N
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Figure A.1: Sulawesi macaque mtDNA MrBayes phylogenies from each side of
the Max y? predicted breakpoint. Posterior probabilities are listed on the branches.
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Table B.1: Description of data sets. Poly = polymorphic sites out of (# sites without gaps or ambiguous
nuc). Following the Sulawesi macaques, datasets are presented in order of the strength of evidence for
recombination (Piganeau, Gardner and Eyre-Walker, 2004)

Dataset # sites # samples % poly (# sites) Accession numbers

Sulawesi macaques ND3-ND4-ND4L 1203 18 24.63 (1202)  AF091400-2013AF091429
Bursaphelenchus conicaudatus COI 960 30 20.21 (960) AB083711-39

Micropterus salmoides CYTB 1140 14 9.39 (1140) AY115999; AY116000; AY225669-84
Macaca nemestrina CYTB 859 11 17.11 (859) AF350388-91; AF350394-99

Microtus longicaudus CYTB 1140 68 18.86 (1140)  AF187160-230

Vesicomya pacifica COI 516 22 14.76 (515) AF008287; AF008293-5;AF143290-304
Mandrillus sphinx CYTB 267 71 5.93 (253) AF020423; AF301612-16; AY204763-827
Libellula quadrimaculata COI 416 15 8.79 (387) AF228584-98

Dendroica petechia ATP8-ATP6 842 11 1.66 (841) AF382957; AY115297-306Y

Apodemus sylvaticus CYTB 974 75 19.31 (875) AF159395; AF60603; ASY98598; ASY98600;

ASY98605; ASY311148; ASYS511877-9; ASY511883-
5; ASYS511887;  ASY511889-91;  ASY511896-7;
ASY511899; ASYS511901; ASYS511903-4; ASY511906-
8, ASY511910-2; ASY511914-24; ASY511928-32;
ASYS511935-41; ASY511943-4; ASY511946-69;
ASY511971-2

Gomphiocephalus hodgsoni COI 599 45 3.51 (598) AY294562-606

Alpheus lottini CO1 564 42 17.05(563)  AF107049-68; AF309910; ALU76428-489

Macrodon ancylodon CYTB 810 46 5.24 (801) AY253604-9; AY253611-23; AY253625-32; AY253634-7,
AY253639-50; AY253652; AY253655-6D

Papio papio ND4-ND5 696 8 2.16 (695) AY212049-56

Campylorhynchus brunneicap ND2 298 60 8.90 (236) AF291512-71

Bradypodion occidentale ND2 987 8 2.73 (951) AF448728; AY289868; AY289888; AY289907-11

Passerella iliaca CYTB 432 9 3.57 (392) U40162-70

Merlangius merlangus ATP6 878 13 1.59 (756) AF526616-28

Gonatus onyx COI 657 7 1.98 (657) AF000041; AF144718-23

Grus antigone CYTB 1143 9 1.49 (657) U43618-25; U11060-1; U11064




Table B.2: AIC values for no partition model (AAA) and the highest likelihood partitioned model. A/C' =
2(d.f.) = 2ln(Likelihood). A difference of 1-2 is considered significant.

Datasct Partition AIC Datasct Partition AIC
Sulawesi AAA  6708.756682 Gomphiocephalus hodgsoni AAA  1861.789882
AAB 6412.71886 AAB 1850.25719

Bursa. AAA  4879.692908 Alpheus lottini AAA  2438.011198
AAB  4668.515686 B-A+B- 2384.504476

Salmoides AAA 4213.79893 Macrodon ancylodon AAA  2645.606632
AAB  4143.776244 AAB  2615.143714

Macaca nemestrina AAA  3936.586504 Papio papio AAA  2009.385272
AAB  3814.159346 BAA 1997.05104

Microtus AAA 5835251176 Campylorhynchus brunneicap ~ AAA 843.035518
AAB 5580.68436 ABA 835.074666

Vesico AAA  2046.141962 Bradypodion occidentale AAA  2801.848598
B-A+B- 2004.126512 AAB  2782.667766

Mandrillus sphinx AAA 842.102264 Passerella iliaca AAA  1244.163596
BAA 842.816848 AAB  1239.941976

Libellula quadrimaculata ~ AAA  1381.752308 Merlangius merlangus AAA  2158.142204
ABA 1360.668346 ABA 2147.732614

Dendroica petechia AAA  2353.086366 Gonatus onyx AAA 1932.35556
ABA  2349.376928 ABA 1924.336196

Apodemus sylvaticus AAA 4375323012 Grus antigone AAA  3261.565488
B-A+B- 4202.847624 B-A+B- 3250.446496
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Figure B.1: Branch length graphs of Vesicomya pacifica, Mandrillus sphinx, Libel-
lula quadrimaculata, Gomphiocephalus hodgsoni, Alpheus lottini, Macrodon an-
cylodon, and Campylorhynchus brunneicap. Grey points: branches from AAA
simulations; Blue points: branches from the animal mtDNA; Black line: linear
regression of branch A on branch B; Red line: 95% prediction bounds.



Appendix C

Fixation probabilities of
advantageous mtDNA mutations

Table C.1: Probabilities of fixation for a new neutral mutant.
Population size is 5000 females (10* individuals total) and is
based on an observation of 1000 fixations. ¢ is the number of
cell divisions in one generation.

Number of mitochondria/cell
c 1 10 50 100

Expected 1

2.00 x10™* 2.00 x10~% 4.00 x10~6

Observed 1

1.95 x107* 1.93 x10=® 3.87 x107°
10 1.95x107* 1.99 x1075 4.17 x107©
20 2.11 x107* 1.97 x10™° 3.94 x10=°
50 1.85x107* 2.08 x1075 3.92 x1076

Table C.2: Probability of fixation for a new recessive mutant
(simple selection based on an advantage of 0.01). Population
size is 5000 females (10* individuals total) and is based on an
observation of 1000 fixations. c is the number of cell divisions
in one generation.

Number of mitochondria/cell
c | 10 50 100

1 1.92x10~° 175 %10~ 275 x107* 1,10 %10~
10 2.01 x1072 1.90 x10~3 3.72 x10~* 1.69 x10~*
20 2.01 x1072 1.90 x10™% 3.79 x10~* 1.77 x10~4
50 2.01 x1072 2.00 x10% 3.71 x10™* 1.84 x10~*
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2.00 x10-6

2.02 x10-6
1.98 x10-6
1.99 x10-6
1.96 x10-6
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Table C.3: Probability of fixation for a new incomplete dom-
inant mutant (simple selection based on an advantage of 1.0
+ (x/total) x 0.01 where x is number of mutant mitochondria
and total is total per cell). Population size is 5000 females
(10% individuals total) and is based on an observation of 1000
fixations. c¢ is the number of cell divisions in one generation.

Number of mitochondria/cell
c 1 10 50 100

1 1.98 %1072 1.86 x10™% 4.16 x10=* 1.97 x10™*
10 1.95x1072 1.92 x10=% 3.70 x10~* 1.80 x10™*
20 1.95 %1072 1.83 x107% 3.79 x10™* 1.87 x10~*
50 1.90 x10™2 1.98 x10™* 3.86 x107% 1.84 x10™*

Table C.4: Probability of fixation for a new dominant mutant
(simple selection based on an advantage of 0.01). Population
size is 5000 females (10* individuals total) and is based on an
observation of 1000 fixations. ¢ is the number of cell divisions
in one generation.

Number of mitochondria/cell
c 1 10 50 100

1 2.02x1072 219 x107® 6.16 x10™% 4.36 x10~*
10 1.95x1072 1.87 x1073* 3.79 x10=* 2.03 x10™*
20 2.00 x1072 1.95 x1073 3.64 x10~* 2.02 x10™*
50 1.95x107%2 1.92 x10=% 3.76 x10™* 1.81 x10~*

Table C.5: Probability of fixation for a new recessive mutant
(simple selection based on an advantage of 1.0). Population
size is 5000 females (10* individuals total) and is based on an
observation of 1000 fixations. ¢ is the number of cell divisions
in one generation.

Number of mitochondria/cell
c 1 10 100

1 7.79 x107! 242 x1072 3.35 x1074
10 7.96 x10~! 6.81 x1072 2.10 x10°3
50 7.88 x10~! 7.68 x107%2 4.92 x1073
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Table C.6: Probability of fixation for a new incomplete dom-
inant mutant (simple selection based on an advantage of 1.0
+ (x/total) x 1.0 where x is number of mutant mitochondria
and total is total per cell). Population size is 5000 females
(10* individuals total) and is based on an observation of 1000
fixations. c is the number of cell divisions in one generation.

Number of mitochondria/cell
c 1 10 100

o e e i o et P A
10 7.90 x107%%. 8.78 x1079 1.31 x107%
207927 %X 10~" — 823 %10™% L.16 X10™%
50 8.04 x107°' 8.13 x107%2 9.99 x107%

Table C.7: Probability of fixation for a new dominant mutant
(simple selection based on an advantage of 1.0). Population
size is 5000 females (10* individuals total) and is based on an
observation of 1000 fixations. c is the number of cell divisions
in one generation.

Number of mitochondria/cell
c 1 10 100

1 8.06x107! 3.86 x10~! 3.91 x10~!
10 7.84 x107! 1.08 x10~! 6.67 x1072
50 8.16 x107' 8.10 x1072? 1.82 x1072

Table C.8: Probabilities of fixation for a new neutral mutant
with bottleneck. Population size is 5000 females (10? individ-
uals total) and is based on an observation of 1000 fixations. ¢
is the number of cell divisions in one generation.

Number of mitochondria/cell
é 1 10 100

Expected 1 2.00 x10™* 2.00 x1073 4.00 x10~°

Observed 1 1.96 x10™* 1.85 x107° 1.79 x107®
10 1.96 x10™* 1.89 x10™° 1.87 x107©
20 1.95x10*% 190 x107° 1.85 x10°¢
50 1.96 x10~* 1.89 x10=° 1.90 x10~6
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Table C.9: Probability of fixation for a new recessive mutant
(simple selection based on an advantage of 0.01) with bottle-
neck. Population size is 5000 females (10* individuals total)
and is based on an observation of 1000 fixations. ¢ is the num-
ber of cell divisions in one generation.

Number of mitochondria/cell
c 1 10 100

1 1.96 x1072 1.94 x107% 1.79 x1074
10 1.96 x1072 1.93 x10™% 1.84 x1074
20 1.95x1072 1.92 x10™% 1.85 x107*
50 1.98 x1072 1.95 x10=* 1.94 x10~*

Table C.10: Probability of fixation for a new incomplete dom-
inant mutant (simple selection based on an advantage of 1.0
+ (x/total) x 0.01 where x is number of mutant mitochondria
and total is total per cell) with bottleneck. Population size 1s
5000 females (10* individuals total) and is based on an obser-
vation of 1000 fixations. c is the number of cell divisions in
one generation.

Number of mitochondria/cell
c 1 10 100

1 1.95x107% 1.93 x10=3* 1.90 x10~*
10 1.97 x1072 1.94 x10~% 1.95 x10~*
20 1.97 x107? 1.92 x1073 1.96 x10~*
50 1.96 x1072 1.92 x10™* 1.96 x107*

Table C.11: Probability of fixation for a new dominant mutant
(simple selection based on an advantage of 0.01) with bottle-
neck. Population size is 5000 females (10* individuals total)
and is based on an observation of 1000 fixations. ¢ is the num-
ber of cell divisions in one generation.

Number of mitochondria/cell
C 1 10 100

1 1.98 x1072 1.93 x10™3 2.09 x10~*
10 1.99 x1072 1.95 x107® 2.04 x107*
20 1.99 x1072 1.93 x10~3% 2.03 x107*
50 1.97 x10~2 1.95 x107% 1.96 x10~*

N [§v]
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Table C.12: Probability of fixation for a new recessive mutant
(simple selection based on an advantage of 1.0) with bottle-
neck. Population size is 5000 females (10* individuals total)
and is based on an observation of 1000 fixations. c¢ is the num-
ber of cell divisions in one generation.

Number of mitochondria/cell

c 1 10 100
1 7.99 x107! 7.36 x1072 2.46 x107°
10 8.01 x107! 6.81 x1072 3.27 x1073
20 7.97 x107' 7.34 x107%? 3.84 x107°
50 7.97 x107! 7.97 x10~? 5.03 x1073

Table C.13: Probability of fixation for a new incomplete dom-
inant mutant (simple selection based on an advantage of 1.0
+ (x/total) x 1.0 where x is number of mutant mitochondria
and total is total per cell) with bottleneck. Population size is
5000 females (10* individuals total) and is based on an obser-
vation of 1000 fixations. ¢ is the number of cell divisions in
one generation.

Number of mitochondria/cell

c 1 10 100

1 791 x107! 858 x10~2 1.30 x10~2
10 7.91 x10~' 8.56 x1072 1.17 x1072
20 7.95 x107! 8.15 x1072 1.08 x1072
50 7.95 x107! 8.04 x1072 9.67 x1073

Table C.14: Probability of fixation for a new dominant mutant
(simple selection based on an advantage of 1.0) with bottle-
neck. Population size is 5000 females (10* individuals total)
and is based on an observation of 1000 fixations. ¢ is the num-
ber of cell divisions in one generation.

Number of mitochondria/cell

c 1 10 100

1 799 x107! 1.39 x10~! 9.00 x10~2
10 7.95x107! 1.01 x10~! 4.55 x1072
20 8.00 x107! 8.57 x1072 2.95 x1072
50 7.94 x10! 7.87 x1072 1.67 x1072
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Table C.15: Probabilities of fixation for a new neutral mutant
in germ+soma model. Population size is 5000 females (10*
individuals total) and is based on an observation of 1000 fix-
ations. c is cell divisions/generation in the somatic and germ
lines.
Number of mitochondria/cell
c 1 10 30 50 75 100
1 194 x107% 9.47 x10™° 9.48 x107® 9.57 x10™® 9.34 x10™° 9.66 x107°
10 1.94 x107% 3.55 x10™®> 4.01 x10~> 3.90 x10=° 3.80 x10~° 3.77 x107°
15 1.94 x107* 2.68 x10™° 3.06 x107® 2.95 x107® 2.99 x1075 3.03 x107°
20 1.99 x107* 2.16 x10™° 2.30 x107° 2.45x107° 238 x107° 2.27 x107°
35 1.94 x10™* 1.99 x107® 1.41 x107° 1.47 x107° 1.55 x107® 1.57 x107°
50 2.00 x10™* 1.91 x107® 1.04 x107° 1.03 x107®> 1.10 x10™® 1.16 x107°

Table C.16: Probability of fixation for a new recessive mu-
tant (simple selection based on an advantage of 0.01) in
germ+soma model. Population size is 5000 females (10 indi-
viduals total) and is based on an observation of 1000 fixations.
¢ 1s cell divisions/generation in the somatic and germ lines.

Number of mitochondria/cell

c 1 10 100

1 198 x107? 1.75 x107% 1.07 x10™*
10 1.97 x10=? 1.87 x1073 1.71 x10~*
20 1.96 x107? 1.89 x1073 1.81 x107*
50 1.98 x1072 1.90 x107% 1.83 x1074

Table C.17: Probability of fixation for a new dominant mu-
tant (simple selection based on an advantage of 0.01) in
germ+soma model. Population size is 5000 females (10 indi-
viduals total) and is based on an observation of 1000 fixations.
¢ 1s cell divisions/generation in the somatic and germ lines.

Number of mitochondria/cell

c 1 10 100

1 1.98 x10™2 2.01 x1073 4.19 x10~4
10 1.98 x1072 1.86 x10™® 2.06 x1074
20 1.95 %1072 1.90 x1072® 1.93 x1074
50 1.97 x1072 1.90 x10~® 1.88 x1074
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