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Abstract

The accumulation of deleterious mutations predicted by Muller’s ratchet — the progressive
increase in mutation load caused by genetic drift — can cause the extinction of asexual
populations and is considered one of the forces behind the maintenance of sex, the
evolution of sex chromosomes, and the loss of genetic information in inversions. Here, |
investigate the extent to which this process has influenced, constrained, and shaped the
evolution of life. Using theoretical and computational models, | demonstrate that the need
for increased purifying selection played a key role in major evolutionary transitions,
focussing on the origin of meiotic sex and the evolution of the female germline.

Early models of the origin of sex have generally focussed on the transition from
asexual to sexual lifestyle. It is now universally accepted that prokaryotes undergo
homologous recombination via lateral gene transfer (LGT), which can prevent the
mutational meltdown predicted by Muller’s ratchet. Here, | investigate the origin of sex as
part of the transition from prokaryotes to eukaryotes. | develop a theoretical model to
investigate the impact of the increase in genome size and density of genomic repeats that
took place during eukaryogenesis. My results indicate that these conditions led to the
failure of LGT, generating a strong selective pressure for the origin of meiotic sex. But while
meiotic sex can facilitate purifying selection on nuclear genes, it cannot prevent the
accumulation of mutations in mitochondrial DNA (mtDNA). | demonstrate that the need to
preserve mtDNA against Muller’s ratchet caused the evolution of tight mechanisms for
mitochondrial quality control, shaping the evolution of the female germline in metazoans.

This theoretical framework can be applied to a wide range of biological processes,
including bacterial evolution, genome streamlining in organelles and endosymbionts, and

the evolution of a two-step meiosis.



Impact Statement

In this thesis, | develop novel theoretical frameworks centred around the idea that
deleterious mutations constitute a creative evolutionary force and drive adaptation and
innovation. The hypotheses and theoretical models presented here constitute an advance in
our understanding of the origin of meiotic sex and transmission of mitochondrial mutations
and can potentially open up new avenues of research.

The origin of sex has been long considered the ‘Queen of problems in evolutionary
biology’. In Chapters 2 and 3 of this thesis, | develop a novel approach to tackle this
problem, presenting a new framework to understand the transition from prokaryotes to
eukaryotes. The idea that the failure of lateral gene transfer (LGT) in preserving genomic
integrity led to the evolution of sexual reproduction can inform our understanding of
eukaryotic evolution and the origin of meiotic sex. The results presented are relevant to
evolutionary biologists, especially those interested in the emergence of the eukaryotes, and
will potentially shape the field’s understanding of the origins of meiotic sex.

To test the hypothesis presented in Chapters 2 and 3, | developed a novel theoretical
model of the accumulation of mutation (Muller’s ratchet) in populations undergoing lateral
gene transfer (LGT). This model broadens the scope of previous theoretical studies by
considering variables that had previously been neglected (genome size, recombination
length, genetic repeat density, ectopic recombination). This development allows Muller’s
ratchet models to be applied to the study of ancestral eukaryotic evolution and several new
areas. In Chapter 5, | discuss new avenues of research in which this theoretical framework
can yield promising results, such as the evolution of prokaryotic genomes, the process of

genome streamlining in endosymbionts and organelles, and the evolution of 2-step meiosis.



Chapter 2 has been published in 2020 (Colnaghi et al., 2020), while Chapter 3 is
currently being prepared for publication. The contents of these chapters have already been
the focus of several presentations during national and international conferences and
symposia, both by the author and by his collaborators, and has been included in academic
curricula, informing the understanding of both current and future academics.

Chapter 4 elucidates complex features of the female germline and demonstrates the
evolutionary need for organelle-level selection to prevent the build-up of mitochondrial
mutations. This work will provide a new focus for research on mitochondrial inheritance and
its relation to mitochondrial diseases and common conditions including diabetes, cancer,
and dementia. My findings that selection for mitochondrial quality dictates the major
developmental stages of the female germline will be of fundamental interest to biologists
and may be important for emerging technologies for editing mitochondrial genes. While
there has been abundant theoretical and empirical work on germline bottlenecks and
follicular atresia, many papers are mutually contradictory and just add to the confusion over
how selection against mitochondrial mutations operates. My analysis provides the field with
a clear understanding of how different selective processes operate, clarifying the dynamics
of transmission of mitochondrial mutations and addressing long-standing paradoxes such as

the over-proliferation and massive loss of germ cells.
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Introduction

Vicissitudes of fortune, which spares neither man nor the proudest of his works,
which buries empires and cities in a common grave...

(E. Gibbon, ‘The History of the Decline and Fall of the Roman Empire’, Chapter LXXI)

Mutations have been defined as ‘the raw materials of evolution’, the source of variation
upon which natural selection operates. However, only a small proportion of them are
beneficial. The vast majority have either a negligible or negative impact on the fitness of
their carrier. The accumulation of deleterious mutations is an evolutionary force that any
life form must deal with in order to preserve the integrity of its genetic information and
ensure its transmission to future generations. In this thesis, | argue that this force played a
major role in the evolution of life. With the use of theoretical models, | evaluate the extent
to which the need for increased purifying selection against mutation accumulation impacted
the evolution of eukaryotes, with a specific focus on the origin of meiotic sex and the
evolution of purifying selection of mitochondrial DNA.

In chapter 1, | introduce the process known as ‘Muller’s ratchet’, one of the main
theoretical frameworks to study the accumulation of mutations in asexual populations. In
the absence of strong selection and/or in the presence of strong genetic drift, mildly
deleterious mutations can progressively accumulate in asexual populations because of
random fluctuations in the number of offspring, ultimately causing extinction (mutational
meltdown). This process is considered to be one of the driving forces behind the emergence
of sexual recombination. Throughout the chapter, | review the main theoretical models of

Muller’s ratchet, discussing the extent to which this process impacts evolution. In addition, |
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review the existing experimental evidence in order to evaluate under which conditions
Muller’s ratchet takes place in real populations and which mechanisms allow the

persistence of asexual lineages.

Homologous The genetic exchange between two similar or identical DNA
recombination (HR) molecules, facilitating DNA repair. In eukaryotes, HR takes
places between homologous chromosomes during meiosis
(meiotic recombination) and, less occasionally, during mitosis
(mitotic recombination). In prokaryotes, HR is achieved
through a form of LGT known as transformation (Ambur et al.,
2016).

Ectopic recombination The genetic exchange between two DNA molecules with low
or no sequence homology. In prokaryotes undergoing LGT, the
presence of genetic repeats can facilitate ectopic
recombination, resulting in the loss of genetic information
(Siguier et al., 2014; Vandecraen et al., 2017).

Meiotic sex The process of sexual cell fusion followed by homologous
pairing and recombination. Given the near-universality of
meiotic genes in eukaryotes, meiotic sex likely evolved in early
stages of eukaryotic evolution, before the divergence of the
main eukaryotic lineages (Schurko and Logsdon, 2008; Speijer
etal., 2015)

Lateral gene transfer (LGT) | Exchange of genetic material through para-sexual processes
which involve the transfer of DNA from one organism to
another. In prokaryotes, the main mechanisms of LGT are
conjugation (plasmid-mediated), transduction (phage-
mediated) and transformation (controlled by the cell and
leading to HR of environmental DNA) (Ambur et al., 2016; Vos
et al., 2015). Throughout the thesis, when discussing the
benefits of LGT, | mainly refer to the latter.

Muller’s Ratchet The progressive and inevitable accumulation of deleterious
mutations predicted to take place in populations which do not
undergo homologous recombination (Muller, 1964).

Asexual population A population which does not undergo any sexual (meiotic sex)
or para-sexual (homologous recombination via
transformation) processes, and is therefore susceptible to the
accumulation of deleterious mutations via Muller’s ratchet
(Muller, 1964). This term is used interchangeably with ‘non-
recombining population’.

Table 1.1. Definition of key terms.
Muller’s Ratchet has long been considered to be one of the driving forces behind the

emergence of sexual recombination, which enhances the action of purifying selection and
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counters the increase in mutation load. Early theoretical studies on the origin of sex
considered the transition from asexuality to meiotic recombination. But homologous
recombination is not a eukaryotic prerogative: prokaryotes can achieve it through para-
sexual mechanisms of Lateral Gene Transfer (LGT), such as transformation. The selective
pressures that caused the failure of LGT and led to the evolution of meiosis are still poorly
understood. In Chapter 2, | tackle this question by investigating the unique conditions that
led to the origin of the first eukaryotes. Early eukaryotes underwent a massive genome size
expansion via gene duplication and endosymbiotic gene transfer. This process was
concomitant with a sharp increase in the density of repeat sequences, such as gene families
and the selfish genetic elements that gave rise to eukaryotic introns. Using a theoretical and
computational model, | demonstrate that Muller’s ratchet is strongly dependent on genome
size and recombination length, two variables that were neglected by previous theoretical
models. My results indicate that genome size expansion cannot take place without a
concomitant increase in recombination rate per base-pair.

In chapter 3, | broaden this theoretical model to include the presence of genomic
repeats, and the possibility of deletions, insertions, and gene loading via LGT. | proceed to
demonstrate that, in the presence of genomic repeats, increasing the rate of recombination
leads to a catastrophic loss of genetic information because of deletions. Together, these
results indicate that under the conditions of eukaryogenesis LGT could not prevent the
accumulation of mutations, exposing the first eukaryotes to the risk of mutational
meltdown. The increase in genome size and repeat density during eukaryogenesis caused
the failure of LGT as a viable mechanism to prevent the accumulation of deleterious

mutations, resulting in a strong selective pressure for the evolution of meiotic sex.
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While elucidating the selective advantages of meiotic sex compared to LGT, the
models presented in chapters 2 and 3 do not explicitly address the transition from the latter
to the former. Obviously, natural selection does not operate with foresight, and the fact
that meiosis corresponds to a higher fitness state than LGT does not automatically ensure its
evolution. Future studies will address this question by a) investigating under which
conditions can meiosis spread and reach fixation in a population undergoing LGT, and b)
explicitly modelling the intermediate steps that led to the evolution of meiosis (e.g., the
transition to cell fusion, ploidy cycles, and mitosis), evaluating their fitness benefits under
ratchet conditions.

Given the uniparental inheritance of organelles without recombination,
mitochondrial and chloroplast genomes are subjected to Muller’s ratchet. Meiotic sex can
purge deleterious mutations from the nuclear genome, but not from mitochondrial DNA
(mtDNA). This makes mitochondrial genomes uniquely vulnerable to Muller’s ratchet.
Purifying selection must take place — either at the individual, cell, or organelle level —in
order to prevent the fixation of deleterious mutations and the mutational meltdown of
mitochondrial genomes. In chapter 4, | evaluate the extent to which different levels of
selection (individual, cell, and organelle level) affect the accumulation of deleterious
mutations in mammalian mtDNA. With the use of numerical simulations, | demonstrate
that, for a realistic parameter range, individual and cell level selection is less effective than
selection at the organelle level in preventing the deterioration of mitochondrial genomes.
Understanding Muller’s ratchet dynamics in mitochondrial genomes can be crucial to
understand the evolution of the female germline.

Finally, in chapter 5 | discuss the relevance of these theoretical frameworks to other

systems, such as viral and bacterial evolution, the origin of genetic inheritance and Eigen’s
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paradox, the process of genome streamlining in organelles and endosymbionts, and the
origin of two-steps meiosis, highlighting unanswered questions that constitute possible

avenues for future research.
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Chapter 1 — The Evolutionary Impact of Muller’s Ratchet

[A]n asexual population incorporates a kind of ratchet mechanism, such as it can never get
to contain, in any of its lines, a load of mutation smaller than that already existing in its at

present least loaded lines. (Muller, 1964)

1. Introduction

The first attempts to understand the advantages of sexual reproduction date back to
Weisman (1887), who argued that sex provided ‘a source of individual variability furnishing
material for the operation of natural selection’. Both Fisher (1930) and Muller (1932)
subsequently claimed that recombination is maintained by natural selection because it
increases the probability of fixation of beneficial mutations. The Fisher-Muller hypothesis
became the source of a controversy among evolutionary biologists, who tried to evaluate
under which conditions can recombination aid the fixation of beneficial mutants (Crow and
Kimura, 1965; 1969; Eshel and Feldman, 1970; Kimura and Ohta, 1971; Maynard Smith,
1968; 1971). It is now well-established that beneficial mutations are rare, and most
mutations have a neutral or negative impact on fitness (Eyre-Walker and Keightley, 2007).
The role of deleterious mutations in the evolution and maintenance of sexual reproduction
was first postulated by Muller (1964), who shifted the focus away from beneficial mutations
and suggested that deleterious mutations might have an impact on evolution. He predicted
that asexual populations subjected to genetic drift would inevitably accumulate deleterious

mutations, a process later known as Muller’s ratchet (Felsenstein, 1974; Muller, 1964).
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In an infinite asexual population, neglecting the probability of beneficial mutations,
the equilibrium fitness distribution is reached when the opposite forces of deleterious
mutations and purifying selection are in balance. The equilibrium frequency of each line
(characterised by a different mutation load) depends on the relative strength of the
mutation rate and strength of selection (Haigh, 1978). In finite populations, however,
genetic drift can cause the least-loaded line to go extinct because of random fluctuations in
the number of offspring. In the absence of recombination, the least-loaded line cannot be
restored: non-recombining populations cannot reduce their mutation burden below that of
their least-loaded line. This process, illustrated in Figure 1.1, generates a ratchet mechanism
which leads to the progressive accumulation of deleterious mutation (Muller, 1964). In the
‘little-noticed passage’ quoted at the beginning of this chapter, ‘Muller introduced what
may be the most quantitatively important evolutionary effect of recombination’
(Felsenstein, 1974): the idea that asexual populations cannot escape a progressive, ratchet-
like increase in their mutation load. In addition to asexual populations, Muller’s ratchet has
been shown to take place in highly selfing populations (Heller and Maynard Smith, 1978)
and in regions of the genome where recombination is restricted, such as in Y chromosomes
(Charlesworth, 1978) and mitochondrial DNA (Loewe, 2006; Lynch, 1996).

Theoretical models of Muller’s ratchet are based on the approximation that
beneficial mutations and back-mutations are so infrequent as to be negligible. As a
consequence, the least-loaded line, once extinguished, can never be replenished, causing
the progressive and inevitable increase of mutational burden. This assumption
approximates a population where the ratchet is too severe for back-mutations or
compensatory beneficial mutations (which arise at a much lower rate than deleterious ones)

to halt it. Under certain conditions (e.g., strong genetic drift, small population size, or high
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mutation rate) Muller’s ratchet does take place despite possible compensatory mechanisms.
But, as it will be discussed in the following paragraphs, it is hard to evaluate exactly when

these conditions are met.
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Figure 1.1 | lllustration of Muller’s ratchet, using the computational model described in Chapter 2.
(A) Distribution of mutation loads in a non-recombining population subjected to Muller’s ratchet.
After 500 generations, the mutation-free class has gone extinct and cannot be recovered, causing
the whole distribution to shift towards higher mutation loads. After 2000 generations (upper right
panel), the class of individual with 1 mutation is extinct — the ratchet has irreversibly ‘clicked’ again.
(B) Number of individuals (left y-axis) and mutation load (right y-axis) in the least loaded class (LLC).
The extinction of the LLC causes an irreversible increase in the minimum mutation load of the
population. The initial average mutation load of the population is my = 0.05. Other parameters:

N =10,000,U = 0.04, s = 0.01.

2. Theoretical Models

Muller’s ratchet was first described quantitatively by Haigh (1978). In order to evaluate the

impact of population size (N), strength of selection (s) and mutation rate (U) on ratchet
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dynamics, Haigh calculated the distribution of mutations in the absence of genetic drift.
Using a Fisher-Wright model, he showed that the number of individuals in the least-loaded
class (LLC) at mutation-selection balance is n, = Ne~U/s (Figure 1.2) (Haigh, 1978). When
genetic drift is taken into account, random fluctuations in the number of offspring can lead
to the extinction of the least-loaded class (a ‘click’ of the ratchet), causing the distribution to
shift towards higher mutation loads. The rate at which mutations accumulate depends on
whether n is small (fast ratchet) or large (slow ratchet). This, in turn, depends on
population size and the relative ratio between U and s. Small values of U increase the
number of individuals in the LLC, while smaller population size or weaker selection make a
population more vulnerable to Muller's ratchet.

Haigh’s model relies on a number of approximations, among which the assumption
that finite asexual populations reach the same equilibrium distribution as infinite
populations, and it is only then that finite-size effects (stochastic fluctuations in offspring
number) lead to the extinction of the least loaded-class. Using Monte Carlo simulations,
Gessler (1995) found that this is not necessarily the case: many asexual populations never
reach Haigh’s equilibrium distribution, if the time between clicks of the ratchet is smaller
than the time necessary to transition to equilibrium. As a consequence, the variance of a
finite population can be smaller than the variance of an infinite one as evaluated by Haigh
(1978). This introduces another force driving Muller’s ratchet in addition to the loss of the
fittest class due to genetic drift (Gessler, 1995), which becomes stronger with higher
mutation rates and decreases in the presence of strong selection (Neher and Shraiman,
2012).

Haigh’s model also assumes an infinite number of loci, each with the same additive

effect of mutations on fitness. Under this assumption, it is possible for the ratchet to click

19



without any marked increase in the frequency of any single mutant, leading to an
underestimation of the rate of fixation of deleterious mutations (Charlesworth and
Charlesworth, 1997). While Charlesworth et al. (1993) suggested that the accumulation of
mutations through Muller’s ratchet can proceed without a substantial increase in the
number of fixed deleterious mutations, Higgs and Woodcock (1995) found that the loss of
the fittest class coincided with fixation events. A further analysis by Charlesworth and
Charlesworth (1997) confirmed that the advance of the ratchet corresponds to the fixation
of a deleterious mutation at a single locus in haploid asexual populations. Following the
extinction of the mutation-free class, genetic drift facilitates the fixation of a deleterious
mutation in the new LLC, from which it then spreads throughout the rest of the population
(Charlesworth and Charlesworth, 1997). Until this new LLC goes extinct, it is not possible for
a second mutation to reach fixation. Ratchet dynamics and the fixation of mutants are
intimately connected and, in the absence of recombination, the fixation rate of deleterious
mutations is significantly higher than in sexual populations (Charlesworth and Charlesworth,
1997). The models developed in Chapters 2 and 3 relax the original assumption and assume
a finite number of loci, explicitly including genome size as a model parameter and leading to
a more accurate estimate of the rate of fixation.

A further assumption of Haigh’s model (as well as the majority of the models
developed in this thesis) is the focus on mutations with a fixed effect on fitness. This is,
obviously, an oversimplification of biological reality. Studies on mutational robustness
indicate that living organisms have evolved to tolerate reasonable loads of deleterious
mutations without any sharp fitness decline (Wagner, 2013), potentially resulting in a higher
tolerance to mutation accumulation. At the same time, this effect might actually exacerbate

Muller’s ratchet by ‘masking deleterious mutations from natural selection and therefore
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expediting their accumulation. Relaxing this assumption and investigating how gene
networks are affected by Muller’s ratchet would provide us with a more accurate picture of
how mutations accumulate in living organisms, and should therefore be the object of future
modelling work.

The evolutionary impact of Muller's ratchet is tightly linked to the speed of the
ratchet; but in spite of more than four decades of theoretical efforts, the exact rate at which
the ratchet ‘clicks’ is still hard to compute. Following Haigh (1978), numerous theoretical
attempts have been made to estimate the speed of the ratchet and the average extinction
time of the least-loaded class (Butcher, 1995; Charlesworth and Charlesworth, 1997; 2000;
Etheridge et al., 2009; Gessler, 1995; Jain, 2008; Kondrashov, 1994; Neher and Shraiman,
2012; Stephan et al., 1993).

Using a diffusion approximation, Stephan et al. (1993) showed that when n, > 1 the
time between ‘clicks’ of the ratchet decreases linearly with n, for intermediate values of N
and s, and exponentially for large values of N and s (Stephan et al., 1993). This indicates
that small populations are extremely vulnerable to Muller’s ratchet, while large populations
with strong selection are virtually immune from it. For constant values of n,, the speed of
the ratchet is dictated by the ratio between the mutation rate and strength of selection,
U/s (Gordo and Charlesworth, 2000b). A more recent study identified the quantity y =
NU/(Nslog (NU)) as the key parameter in determining the rate of mutation accumulation,
which is of the order NY~1UY when 1 > y > 0.5, and negligible when ¥ < 0.5 (Etheridge et

al., 2009).
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Figure 1.2 | Number of mutation-free individuals. The number of individuals in the mutation-free
line is shown as a function of selection coefficient (s) and genome-wide mutation rate (U). Following
Haigh (1978), the number of individuals in the mutation-free line at equilibrium is given by ny =
Ne~U/s, Stronger selection increases the number of individuals in the mutation-free line, while a
higher mutation rate decreases it, making the population more vulnerable to stochastic fluctuations

in the number of offspring and exposing it to Muller’s ratchet. N = 2,500.

The interplay between different dynamics makes even the simplest models for
Muller’s ratchet hard to solve, and an exact solution for the average time between ratchet
clicks is still lacking. Theoretical models indicate the presence of 4 different ratchet regimes,
depending on the strength of selection: extremely weak, weak, intermediate, and high
(Charlesworth and Charlesworth, 2000; Loewe, 2006). In the presence of extremely weak
selection, the Hill-Robertson effect (the interference between linked alleles, which inhibits
the elimination deleterious mutations and the spread of beneficial ones) is the driving force
behind mutation accumulation in asexual populations; given the small fitness penalty per
mutation, this leads to a long extinction time (Charlesworth and Charlesworth, 2000; Loewe,

2006). Weak selection leads to a quasi-deterministic ratchet regime, as described in Gessler
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(1995). The small fitness loss per mutations makes it possible for back-mutations to
occasionally restore the LLC, slowing down Muller's ratchet. Intermediate values of s lead to
a stochastic Muller's ratchet, with a higher extinction probability compared to the previous
scenarios. At this point there is a trade-off, as higher values of s favour the elimination of
deleterious mutations, but also cause a faster decline in fitness when mutations do
accumulate. As a consequence, extinction time remains approximately constant as s
increases, until selection becomes too strong for mutations to accumulate (Charlesworth
and Charlesworth, 2000; Loewe, 2006). In a strong selection regime, Muller's ratchet does
not take place, as purifying selection keeps the population free from mutations. The above
analysis is based on the approximation that all genes are under the same strength of
selection. This is obviously not the case in real populations, and little is known about the
extent to which ratchet dynamics are influenced by the distribution of fitness effects per
mutation across the genome. In Chapter 2, | will address this question by using theoretical
models to evaluate the rate of mutational decay in different areas of the genomes subjected
to different strengths of selection.

In diploid asexual populations, ratchet dynamics are complicated by dominance.
Small values of the dominance coefficient hinder the fixation of mutations at a locus which
has already acquired a deleterious mutation in the other haploid set (Charlesworth and
Charlesworth, 1997). Within the class of individuals with two mutations, a small dominance
coefficient means that homozygotes for deleterious mutations have a selective
disadvantage relative to individuals that are heterozygotes for two mutations at two
different loci. This case is not dissimilar to that of synergistic epistasis, where the fitness
penalty of deleterious mutations increases with the mutation load (Butcher, 1995;

Charlesworth et al., 1993; Jain, 2008; Kondrashov, 1994). While most ratchet models
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generally assume that mutations act independently from each other, causing an equal
decline in fitness, the introduction of synergistic epistasis can potentially retard
(Charlesworth et al., 1993) and even halt (Jain, 2008; Kondrashov, 1994) Muller’s ratchet.
This, however, is only true under the assumption that all mutations have an equal impact on
fitness. When mutations are modelled as having a continuous distribution of fitness effects
(which is likely the case in real populations) their accumulation proceeds even in the
presence of synergistic epistasis (Butcher, 1995).

Despite the difficulties in evaluating the exact time between clicks of the ratchet,
theoretical models provide us with a qualitative understanding about which conditions
would likely favour the accumulation of mutations in real populations. A higher mutation
rate causes faster accumulation of mutations, leading to an exponential decrease of the
equilibrium number of individuals in the LLC (Haigh, 1978). Large population size limits the
magnitude of genetic drift and enhances fitness variance, retarding the accumulation of
mutations (Gessler, 1995; Haigh, 1978). If the fitness penalty per mutation is small, fixation
of slightly deleterious mutations can take place at a high rate without causing a noticeable
decline in fitness (Charlesworth and Charlesworth, 2000; Loewe, 2006). On the other hand,
strong selection will prevent the fixation of mutation (think of the extreme case of a lethal
mutation). Intermediate values of strength of selection are likely to increase the risk of
mutational meltdown, ultimately leading to extinction (Charlesworth and Charlesworth,
2000; Lynch et al., 1993). In light of these considerations, we can expect Muller’s ratchet to
take place in populations subjected to high mutation rates and small effective population
size, for example due to frequent bottlenecks. Changes in the selective landscape might also
promote mutation accumulations in genes under weak selection. Asexual species affected

by Muller’s ratchet should display a higher ratio between non-synonymous and synonymous
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nucleotide substitutions (dN/dS) than their sexual relatives. Low values of the dN/dS ratio
are indicative of the presence of purifying selection, while high values are correlated with
weak selection, genetic drift, and a high rate of mutation accumulation. In addition, the loss
of the LLC drives the fixation of deleterious alleles, promoting the gradual erosion of genes
to pseudogenes (Bergstrom and Pritchard, 1998; Charlesworth and Charlesworth, 1997;
Higgs and Woodcock, 1995). Another typical signature of Muller’s ratchet can be found in
the pattern of neutral variation. In presence of tight linkage, strong selection at one locus
eliminates variation at other loci. As a consequence, populations subjected to the ratchet
are predicted to undergo a marked reduction in genetic diversity compared to a ratchet-free

population (Gordo et al., 2002).

3. Muller’s ratchet in experimental and natural populations

3.1. Laboratory experiments with microbes
Given their high mutation rates and quick replication, viruses provide an ideal system to
study Muller’s ratchet. Under experimental conditions that maximise genetic drift through
frequent bottlenecks, both RNA (Andersson and Hughes, 1996; Chao, 1990; de la Iglesia and
Elena, 2007; Duarte et al., 1992) and DNA viruses (Jaramillo et al., 2013) accumulate
mutations at a higher rate than populations not subjected to bottlenecks; this process is
also accompanied by a fitness decline (Andersson and Hughes, 1996; Chao, 1990; de la
Iglesia and Elena, 2007; Duarte et al., 1992; Jaramillo et al., 2013). These experimental
results are consistent with the prediction that small effective population size facilitates
Muller’s ratchet by increasing the magnitude of stochastic fluctuations between
generations, increasing the probability of loss of the least-loaded class (Haigh, 1978) and

fixation of deleterious alleles (Charlesworth and Charlesworth, 1997; Higgs and Woodcock,
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1995). Under analogous conditions, Muller’s ratchet has been shown to operate in yeast
(Zeyl et al., 2001) as well as in several bacterial species, including Salmonella typhimurium
(Andersson and Hughes, 1996) and Escherichia coli (Funchain et al., 2000; Tenaillon et al.,
2016), reducing fitness and causing the progressive increase in mutation load. ~1500
generations are sufficient to introduce significant fitness loss in mutator strains of E. coli,
with an average of 24-30 inactivated genes per cell and frequent loss of key metabolic
pathways (Funchain et al., 2000). In contrast, only 3% of wild-type lineages exhibited any
type of detectable mutations after ~1000 generations (Funchain et al., 2000). Similarly,
lineages of E. coli subjected to stringent bottlenecks exhibit significant fitness loss compared
to the ancestral lines (Tenaillon et al., 2016). Frequent bottlenecks have been shown to
drive genome reduction in Salmonella enterica, accompanied by the loss of metabolic and
regulatory pathways (Nilsson et al., 2005).

Evidence of Muller’s ratchet has also been observed in strains of S. cerevisiae with a
high mutation rate, subjected to repeated bottlenecks of ~250 cells. After 175 transfers
(~2900 generations), 2 of 6 experimental populations experienced a sharp decline in fitness,
followed by extinction (Zeyl et al., 2001). By contrast, wildtype strains with a normal
mutation rate did not experience any fitness decline (Zeyl et al., 2001). These experiments
confirm that small effective population size causes non-recombining populations to undergo
progressive loss of fitness because of the accumulation of deleterious mutations. In
agreement with theoretical predictions, stringent bottlenecks maximise the severity of the
ratchet, which is further aggravated by high mutation rates. But numerous experimental
observations of Muller’s ratchet are in organisms with a high mutation rate, either virus
(Chao, 1990; de la Iglesia and Elena, 2007; Duarte et al., 1992; Jaramillo et al., 2013; Novella

and Ebendick-Corpus, 2004) or mutator strains of E. coli and yeast (Funchain et al., 2000;
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Tenaillon et al., 2016; Zeyl et al., 2001). How often are these conditions met in nature? The
following paragraphs discuss the evidence of Muller’s ratchet in natural populations that
have transitioned to an asexual lifestyle, including apomictic plants, parasites,

endosymbionts, and organelles.

3.2. Muller's ratchet in plants
In eukaryotes, most instances of obligate asexuality are evolutionarily recent, indicating that
mutation accumulation can lead to the premature extinction of asexual lineages (Bell, 1982;
Butlin, 2002; Maynard Smith, 1978). In plants, apomixis (asexuality) is frequently observed
among hybrids and/or polyploid species (Koltunow and Grossniklaus, 2003; Richards, 2003).
Polyploidy and hybridisation mask the accumulation of deleterious mutation and make the
transition to asexuality advantageous in the short term (Gerstein and Otto, 2009), but in the
long run it makes apomictic lineages more vulnerable to Muller’s ratchet. Apomictic
lineages accumulate mutations faster than sexual ones and are more susceptible to the loss
of beneficial alleles (Lovell et al., 2017). Occasional facultative sexual reproduction,
however, can halt the ratchet and prevent the increase in mutation load (Hojsgaard and
Horandl, 2015). For example, the genome of Ranunculus auricomus, which possesses both
sexual and facultative asexual lineages, does not show any signature of excess deleterious
mutation accumulation in the asexual lineages (Pellino et al., 2013). One possible reason is
that apomixis evolved relatively recently in Ranunculus (~70,000 years ago), and this
timescale is too small for the effects of Muller’s ratchet to be detectable. An alternative
explanation is that facultative sexuality (~¥30% of sexually formed seeds) favours the
elimination of deleterious mutations, preventing genome-wide mutation accumulation

(Hodac et al., 2019; Hojsgaard and Horandl, 2015). These results are in agreement with
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theoretical models of Muller’s ratchet in sexual populations. Bell (1988) suggested that a
small amount of recombination is necessary to prevent Muller’s ratchet; similar results were
reproduced by Charlesworth et al. (1993), who showed that recombination, even at very
low frequency, retards the progress of the ratchet in a random-mating, diploid population.
The transition to apomixis based upon vegetative reproduction can provide a short-
term selective advantage by amplifying the fittest genotype, but in the long-term it exposes
a population to the risk of mutational meltdown (Klekowski, 2003; Lovell et al., 2017). In
gymnosperms (non-flowering vascular plants such as gingko, cycads, and conifers), the
severity of the ratchet is thought to be mitigated by cell-level selection arising from the
competition between cells in a single meristem, the unit from which new plants arise
(Klekowski et al., 1985). But this mechanism is less effective in angiosperms (flowering
plants) and pteridophytes (non-seed forming vascular plants, e.g., ferns, horsetails and
lycopods) due to the specific cellular organisation in apical meristems (Klekowski, 2003).
Populations of the clonally reproducing ferns, such as Matteuccia struthiopteris or Pteridium
aquilinum, sometimes display extremely high frequencies of recessive lethal mutations
(Klekowski, 2003). Similarly, Osmunda regalis, the royal fern, has become endangered in
Europe because of its extreme sensitivity to climatic stress, likely because of the presence of
deleterious mutations (Zenkteler, 1999). Long-lived trees constitute another system of
particular interest to the study of Muller’s ratchet in plants. Although trees do not sequester
a germline, they can live for thousands of years without showing any strong signature of
genetic ageing (Burian et al., 2016). They achieve this by the early sequestering of axillary
meristems, which grow out to form new branches and are generally maintained in a
guiescent state as to minimise the mutational input (Burian et al., 2016). In addition, by

restricting the number of germ-cell divisions, numerous plant species are able to minimise

28



the transmission of deleterious mutations; this mechanism is analogous to the early

segregation of the germline in animals (Lanfear, 2018).

3.3. Asexual populations and evolutionary scandals
Asexually reproducing taxa usually correspond to small phylogenetic branches distributed
among sexual taxa, indicating short evolutionary lifetimes (Bell, 1982; Butlin, 2002). But it
would be incorrect to assume that all asexual organisms are evolutionarily short-lived. The
clade of bdelloid rotifers (Welch and Meselson, 2000) and the ostracod family Darwinulidae
(Rossetti and Martens, 1998), seem to have persisted for millions of generations in the
absence of sexual reproduction (Martens et al., 2003). Rather than undermining our
understanding of ratchet dynamics, the existence of such ‘evolutionary scandals’ indicates
the presence of alternative mechanisms to prevent the accumulation of deleterious
mutations. For example, as | will discuss more extensively in the following paragraphs,
bdelloid rotifers are thought to undergo lateral gene transfer (LGT) (Eyres et al., 2015;
Gladyshev et al., 2008), which can limit the detrimental effects of the ratchet (Colnaghi et
al., 2020; Takeuchi et al., 2014).

The unisexual fish Amazon molly (Poecilia formosa) is the result of a hybridisation
event that took place between 40,000 to 100,000 years ago (Schartl et al., 1995b). Loewe
and Lamatsch (2008) have shown that, for a wide range of parameter values, the expected
extinction time is much lower than the estimated age of this species. Paternal leakage of
undamaged DNA from the sexual sister species has been suggested as a possible mechanism
employed by P. formosa to prevent Muller’s ratchet (Schartl et al., 1995a). Leakage of
paternal DNA could load genes that have been lost because of the ratchet and restore the

least-loaded genotype after it has disappeared because of stochastic fluctuations.
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Alternatively, the accumulation of mutations could have been slowed down by low levels of
mitotic recombination, which (like meiotic recombination) has the potential to diminish
Muller’s ratchet by generating variance and promoting purifying selection (Loewe and
Lamatsch, 2008; Rasch et al., 1982). A similar process is thought to take place in asexual
lineages of Daphnia (Omilian et al., 2006).

An alternative way to avoid the accumulation of deleterious mutations is through a
reduction of the genome-wide mutation rate. This can be observed in asexual species like
Paramecium tetraurelia (Sung et al., 2012) and the fairy-ring fungus Marasmius oreades
(Hiltunen et al., 2019), which show a mutation rate of the order of 10! and 102 per bp per
generation, respectively. The low evolutionary rate observed in Darwinulid ostracods (Schon
et al., 2003) might also indicate a low genome-wide mutation rate. In bdelloid rotifers, the
rate of synonymous substitutions is not significantly lower than in their sexual relatives
(Welch and Meselson, 2001), and phylogenetic analysis indicates the rapid accumulation of
deleterious mutations after the emergence of asexuality (Butlin, 2002; Welch and Meselson,
2001). The internal branch leading to bdelloid rotifers is significantly longer in phylogenetic
trees based on non-synonymous than on synonymous substitution (Butlin, 2002; Welch and
Meselson, 2001). A potential explanation provided by Butlin (2002) is that, shortly after the
transition to asexuality, bdelloid rotifers accumulated mildly deleterious mutations (in
agreement with Muller’s hypothesis). What then prevented the mutational meltdown of
bdelloidea?

Butlin (2002) suggested that the fixation of numerous mildly deleterious mutation
could have potentially increased the fitness cost associated with every new mutation,
leading to stronger purifying selection and preventing further clicks of the ratchet. This

hypothesis is compatible with theoretical models of Muller’s ratchet which include
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synergistic epistasis, which enhances the deleterious effects of concomitantly occurring
mutations (i.e., the higher the mutation load, the higher the fitness effect of each mutation)
(Jain, 2008; Kondrashov, 1994). As discussed in Chapter 1, the introduction of synergistic
epistasis is shown to reduce ratchet severity, but only in theoretical models where
mutations are assumed to have the same fitness effect (Jain, 2008; Kondrashov, 1994).
Synergistic epistasis does not retard Muller’s ratchet if mutations are modelled as having a
continuous distribution of fitness effects, which is likely the case in real populations
(Butcher, 1995). In addition, the extent to which the assumption of synergistic epistasis is
valid in real populations is a matter of debate, given the conflicting experimental evidence
for synergistic epistasis (de Visser and Elena, 2007; Puchta et al., 2016).

Experimental evidence indicates that bdelloid rotifers may also exchange genes
through lateral gene transfer (LGT), in ways similar to those used by bacteria to acquire new
genetic material from their environment (Eyres et al., 2015; Gladyshev et al., 2008). While
the presence of synergistic epistasis between deleterious mutations could potentially
explain phylogenetic data, the evidence for lateral gene transfer in bdelloid rotifers offers a
more plausible explanation for their long evolutionary lifespan (Eyres et al., 2015; Gladyshev
et al., 2008). LGT likely takes place during the process of DSB repair associated with the
cycle of desiccation and re-hydration experienced by bdelloid rotifers (Gladyshev and
Meselson, 2008; Lapinski and Tunnacliffe, 2003), as species which undergo frequent
desiccation experience higher rates of LGT (Eyres et al., 2015). While most signature of LGT
in bdelloid rotifers are from foreign (i.e. non-metazoan) genes, this process likely involves
the homologous recombination of DNA fragments from related individuals (Eyres et al.,
2015; Gladyshev et al., 2008), providing a way of reducing the severity of the ratchet. The

presence of LGT makes bdelloid rotifers much less of an evolutionary scandal than a
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confirmation of theoretical evidence that even a small degree of recombination can halt

Muller’s ratchet (Bell, 1988; Charlesworth et al., 1993).

3.4. Endosymbiont parasite genome streamlining
Endosymbiont parasites constitute excellent systems to study Muller's ratchet in natural
populations, as they often experience stringent bottlenecks, and many do not undergo
systematic recombination. Moreover, these largely asexual parasites cannot escape the
ratchet by decreasing their mutation rate, because they require higher mutation rate to
respond sufficiently quickly to their hosts’ adaptation. This phenomenon, known as the Red
Queen hypothesis, can explain why most parasitic Protists tend to be sexual or to retain
para-sexual mechanisms (Van Valen, 1977; Vergara et al., 2014).

Endosymbiotic parasites typically undergo genome streamlining, allowing them to
resist more successfully to Muller’s ratchet. After the transition to an obligate
endosymbiotic lifestyle, many genes that were previously essential become redundant and
are therefore subjected to weaker selection. In agreement with the predictions of Muller’s
ratchet theory, these genes (now under weak selection) progressively accumulate
mutations and degrade to pseudogenes, before being eliminated through the fixation of
deletions (Bobay and Ochman, 2017; Moran and Mira, 2001). As noted before, similar
dynamics have been reproduced in experimental conditions, showing that frequent
bottlenecking induce rapid genome size reduction in bacteria (Nilsson et al., 2005). This
reduction in genome size counters Muller’s ratchet by limiting the genome-wide mutation
rate of endosymbionts, without reducing their point mutation rate. In other words, it allows
them to maintain adaptability and respond promptly to compensatory mutations in their

host, while at the same time minimising the mutational target.
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In light of these observations, it is not surprising that obligate symbionts typically
display much smaller genomes than their free-living relatives (McCutcheon and Moran,
2012). For example, Sulcia muelleri, Nasuia deltacephalinicola, and Candidatus Zinderia
insecticola, bacterial symbionts of sap-feeding insects, possess genomes as small as 191kb,
112kb, and 208kb, respectively (Bennett and Moran, 2013; McCutcheon and Moran, 2010).
Other examples of symbionts which underwent massive genome streamlining include psyllid
symbiont Carsonella ruddii (159bp) (Nakabachi et al., 2006); Hodgkinia cicadicola, found in
cicadas (140kb) (McCutcheon et al., 2009); and Candidatus Tremblaya princeps, a symbiont
of the citrus mealybug Planococcus citri (138kb) (Lopez-Madrigal et al., 2011). These
organisms all possess genomes smaller than 300kb, half to one-quarter of the genome of
Mycoplasma genitalium, the free-living organism with the smallest genome (McCutcheon
and Moran, 2012). Incidentally, this is comparable with the size of largest known viral
genomes, both in terms of size and number of genes (Fischer et al., 2010; Raoult et al.,
2004).

Analyses of 16S rDNA reveals that endosymbiotic bacteria exhibit a higher ratio
between non-synonymous and synonymous nucleotide changes (dN/dS) than their free-
living relatives, consistent with higher rates of mutation fixation (Lambert and Moran, 1998;
Moran, 1996). Fungi-like Microsporidia parasites have the smallest known eukaryotic
genome and possess extremely streamlined ribosomes, with an unusually high rate of fixed
mutations — the signature of Muller’s ratchet (Melnikov et al., 2018). Mycoplasma-
related endobacteria (MRE), one of the most ancient lineages of endosymbionts, have been
associated with ancient fungal lineages Glomeromycota and Mucoromycotina since early
Palaeozoic. Thanks to their ability to undergo recombination, they have been able to

maintain their genetic integrity in the face of Muller’s ratchet (Naito and Pawlowska, 2016).
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Nevertheless, MRE possess more streamlined genomes than their free-living relatives and
exhibit a higher rate of fixation of slightly deleterious mutations, as inferred from the ratio
between nonsynonymous and synonymous substitution (dN/dS) (Naito and Pawlowska,
2016). This supports the hypothesis that vertical transmission, because of frequent
bottlenecking and strong genetic drift, exposes endosymbionts to faster rates of mutation
accumulation than horizontally transmitted bacteria. By undergoing genome streamlining,
MRE have been able maximise the effectiveness of recombination and survived Muller’s

ratchet over an extensive evolutionary period.

3.5. Organelles
Because of their direct impact on cell fitness and the possibility of nuclear compensation,
mitochondria and chloroplast constitute a unique kind of endosymbionts. Similarly to other
endosymbionts, however, their population structure is characterized by (relatively) small
population size, and their uniparental inheritance without systematic recombination makes
them vulnerable to the accumulation of deleterious mutations because of genetic drift.
Unsurprisingly, signatures of Muller’s ratchet, such as a 25-fold increase in nucleotide
substitution between mammalian mitochondrial tRNA and nuclear tRNA, can be observed in
the mtDNA of several animal taxa (Lynch, 1996). Both mammal and Drosophila mtDNA
displays an excess of non-synonymous nucleotide polymorphisms compared to a neutral
model, indicating the fixation of slightly deleterious mutations because of genetic drift
(Ballard and Kreitman, 1994; Nachman et al., 1996; Rand and Kann, 1996). The signature of
Muller’s ratchet is also revealed by the analysis of mutations in Caenorhabditis briggsae
mitochondrial genomes (Howe and Denver, 2008). Numerous lineages of C. briggsae display

a high frequency of nonsynonymous substitutions in protein-coding genes and deletions,
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whose proportion is negatively correlated with fecundity (Howe and Denver, 2008). A
compensatory mutation was also observed, which restricts the number of mitochondria
carrying deleterious deletions (Howe and Denver, 2008). This suggests that the negative
consequences of Muller’s ratchet in mitochondrial genomes can be partially offset by
compensatory mutations. Other compensatory mechanisms (i.e., selective processes at the
level of the individual, the cell, or the organelle) that prevent the build-up of deleterious
mitochondrial mutations will be discussed in more detail in Chapter 4.

Despite a population structure which makes mitochondria vulnerable to the ratchet,
mtDNA shows a strong signal of purifying selection (Fonseca et al., 2008) and evidence of
adaptive change (James et al., 2016). Moreover, selective processes are observed that
curtail the transmission of severe mitochondrial mutations (Fan et al., 2008; Hill et al., 2014;
Stewart et al., 2008). This evidence indicates that (beyond the extreme shrinkage of
mitochondrial genomes, which will be discussed in Chapter 5) mechanisms have evolved
that limit the transmission of severe mitochondrial mutations and prevent the mutational
meltdown of organellar genomes. Without such mechanisms for purifying selection, mtDNA
would be extremely susceptible to the accumulation of deleterious mutation, potentially
causing the extinction of animal species (Loewe, 2006; Loewe and Lamatsch, 2008). In
Chapter 4, | discuss how the interplay between different levels of selection (individual, cell,
and organelle) prevents the build-up of mitochondrial mutations and facilitates their
elimination, preventing the mutational decay of mitochondrial genomes. | analyse these
dynamics with the use of a mathematical model, showing that organelle-level selection is
necessary to prevent Muller’s ratchet in mitochondrial genomes. My modelling work
clarifies the role of enigmatic germline processes whose purpose has been, so far, poorly

understood.
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4. Conclusion

The need to prevent the accumulation of deleterious mutation is a major evolutionary force,
likely responsible for the origin of sexual reproduction and the evolution of prokaryotic
genomes. As predicted by Muller (1964), the lack of recombination exposes asexual
populations to the progressive accumulation of deleterious mutations. This effect has been
investigated by numerous theoretical studies, which predict increasingly high mutation
accumulation rates in asexual populations subjected to strong genetic drift. While the exact
speed of the ratchet is hard to evaluate with precision, a high mutation rate and small
population size increase the rate of mutation accumulation and fixation, leading to a high
probability of extinction through mutational meltdown. Under these conditions, asexual
populations are predicted to undergo a progressive loss of genetic information, as revealed
by higher dN/dS rates, lower genetic diversity, genome shrinkage in endosymbionts, and
higher frequency of pseudogenes compared to recombining populations. The majority of
theoretical models discussed throughout this chapter follow Haigh (1978) in assuming the
presence of an infinite number of loci, the absence of synergistic epistasis, and a constant
strength of selection across the whole genome. In the following chapters, | will relax some
of these restrictive assumptions, investigating how finite genome size and variable strength
of selection across the genome impact the dynamics of accumulation and fixation of
deleterious mutations.

Theoretical predictions of Muller’s ratchet models are consistent with observations
in natural populations subjected to strong genetic drift due to small population size and/or
stringent bottlenecks, such as endosymbionts and parasites. The theoretical model that will

be presented in Chapters 2 and 3 indicates that a possible strategy to avert Muller’s ratchet
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is to reduce the overall mutation rate by genome streamlining, a process observed in
asexual parasites and endosymbionts, including organelles. As an alternative, low rates of
recombination (either via sporadic sexual reproduction or via lateral gene transfer) are
generally able to prevent a mutational meltdown.

As most theoretical models assume an infinite number of loci, the relationship
between genome size and the minimum rate of recombination necessary to prevent
Muller’s ratchet is still poorly understood. Moreover, only a few theoretical studies have
analysed the impact of recombination via lateral gene transfer (LGT) on mutation
accumulation in prokaryotes (Levin and Cornejo, 2009; Takeuchi et al., 2014; Wylie et al.,
2010). None of these considered the role of genome size, recombination length, and ectopic
recombination caused by the presence of genetic repeats. In chapters 2 and 3, | discuss in
more depth the relationship between genome size and ratchet dynamics in the presence of
LGT. Using a theoretical model and numerical simulations, | show that genome size is
inversely correlated with LGT’s ability to eliminate deleterious mutations and, consequently,
with the time between clicks of the ratchet. Following this theoretical analysis, | discuss the
role that an increase in Muller’s ratchet severity due to genome size expansion and the
increase of repeat sequences played in the evolution of eukaryotes and the origin of meiotic
sex. In the special case of mitochondrial DNA, the great impact of mutations on individual
and cell fitness gives other levels of selection (cell and individual) the potential to affect
ratchet dynamics (Rand, 2001). In Chapter 4, | discuss how the need for purifying selection
in mitochondrial genomes is met through complicated developmental processes in the
female germline and develop a theoretical model to study the interplay between different

levels of selection.
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The results presented in the following chapters are but a reminder of the grandeur
of evolution. Solving the inevitable problem of deleterious mutations was the catalyst of
adaptation and evolutionary change, a creative impulse that led to the evolution of sex and,
with it, to the vibrancy, complexity, and beauty of the living world we see around us — none

of which could exist without sexual reproduction.
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Chapter 2 — Genome Expansion in Early Eukaryotes drove the

Transition from Lateral Gene Transfer to Meiotic Sex!

1. Summary

Prokaryotes generally reproduce clonally but can also acquire new genetic material via
lateral gene transfer (LGT). Recombination of environmental DNA can prevent the
accumulation of deleterious mutations predicted by Muller’s ratchet for asexual
populations, but LGT was abandoned by ancestral eukaryotes in favor of sexual
reproduction. Understanding the limitations of LGT provides insight into this evolutionary
transition. Here | develop a theoretical model of a haploid population undergoing LGT which
includes two new parameters, genome size and recombination length, neglected by
previous theoretical models. The greater complexity of eukaryotes is linked with larger
genomes, and | demonstrate that the benefit of LGT declines rapidly with genome size. The
degeneration of larger genomes can only be resisted by increases in recombination length
to the same order as genome size, as occurs in meiosis. These results can explain the strong
selective pressure towards the evolution of sexual cell fusion and reciprocal recombination

during early eukaryotic evolution — the origin of meiotic sex.

2. Introduction

Understanding the origin and maintenance of sex in the face of multiple costs was long
considered the ‘Queen of problems in evolutionary biology’ (Bell, 1982). Sexual

reproduction breaks up advantageous combinations of alleles, halves the number of genes

IA revised version of this chapter was published as Colnaghi, M., Lane, N., and Pomiankowski, A. (2020).
Genome expansion in early eukaryotes drove the transition from lateral gene transfer to meiotic sex. Elife 9,
£58873.
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transmitted to the offspring, and is less efficient and energetically more costly than asexual
reproduction (Bell, 1982; Otto, 2009; Otto and Lenormand, 2002). In spite of these
disadvantages sex is a universal feature of eukaryotic life. The presence of common
molecular machinery, widespread among all eukaryotic lineages, is a strong indication that
the Last Eukaryotic Common Ancestor (LECA) was already a fully sexual organism (Schurko
and Logsdon, 2008; Speijer et al., 2015). Meiotic genes are commonly found in putative
asexual eukaryotes, including Amoebozoa (Hofstatter et al., 2018; Lahr et al., 2011),
Diplomonads (Ramesh et al., 2005), Choanoflagellates (Carr et al., 2010) and even early
diverging lineages such as Trichonomas vaginalis (Malik et al., 2008). Eukaryotic asexuality is
not ancestral but a secondarily evolved state. The selective pressures that gave rise to the
origin of meiotic sex must therefore be understood in the context of early eukaryotic
evolution.

Phylogenomic analysis shows that eukaryotes arose from the endosymbiosis
between an archaeal host and a bacterial endosymbiont, the ancestor of mitochondria
(Martin et al., 2015; Williams et al., 2013; Zaremba-Niedzwiedzka et al., 2017). The presence
of energy-producing endosymbionts allowed the first eukaryotes to escape the bioenergetic
constraints that limit the genome size and cellular complexity of prokaryotes (Lane, 2014;
2020). Extra energetic availability came with the evolutionary challenge of the coexistence
of two different genomes within the same organism. As with other endosymbioses, the
symbiont genome underwent a massive reduction, with the loss of many redundant gene
functions (Lopez-Madrigal and Gil, 2017; Timmis et al., 2004). Alongside this, symbiont
release of DNA into the host’s cytosol caused the repeated transfer of genes to the host

genome, many of which were retained, contributing to the massive genome size expansion
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during early eukaryotic evolution (Lane, 2011; Martin and Koonin, 2006; Timmis et al.,
2004).

Both the host and the endosymbiont, like modern archaea and proteobacteria, are
likely to have been capable of transformation — the uptake of exogenous DNA from the
environment followed by homologous recombination (Ambur et al., 2016; Bernstein and
Bernstein, 2013; Vos et al., 2015). This process involves the acquisition of foreign DNA, the
recognition of homologous sequences and recombination, and therefore presents striking
similarities with meiosis in Eukaryotes. The Rad51/Dcm1 gene family, which plays a central
role in meiosis, has high protein sequence similarity with RecA, which promotes
homologous search and recombination in prokaryotes (Johnston et al., 2014; Lin et al.,
2006). It has been suggested that RecA was acquired by the archaeal ancestor of eukaryotes
via endosymbiosis from its bacterial endosymbiont (Lin et al., 2006). Alternatively, the
Rad51/Dcm1 family could have evolved from archaeal homologs of RadA (Seitz et al., 1998).
Regardless, the presence of this common molecular machinery and the striking similarities
between these processes suggest that meiosis evolved from bacterial transformation
(Bernstein and Bernstein, 2013; Schurko and Logsdon, 2008). But the selective pressures
that determined this transition are still poorly understood.

Historically, the main focus of the literature on the origin and the maintenance of
sex has been the comparison of sexual and clonal populations, or the spread of modifiers
that increase the frequency of recombination (Bell, 1982; Otto, 2009). Recombination can
eliminate the linkage between beneficial and deleterious alleles due to Hill-Robertson
effects (Barton and Otto, 2005; Felsenstein and Yokoyama, 1976), increase adaptability in
rapidly changing (Gandon and Otto, 2007; Hamilton, 1980; Jokela et al., 2009) or spatially

heterogeneous (Lenormand and Otto, 2000; Pylkov et al., 1998) environments, and prevent
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the accumulation of deleterious mutations predicted by Muller’s ratchet for asexual
populations (Haigh, 1978; Muller, 1964). These benefits of recombination outweigh the
multiple costs of sexual reproduction and explain the rarity of asexual eukaryotes (Otto,
2009). But remarkably, they provide us with virtually no understanding of why bacterial
transformation was abandoned in favour of reciprocal meiotic recombination. The real
guestion is not why sex is better than clonal reproduction, but why did meiotic sex evolve
from prokaryotic transformation?

Lateral Gene Transfer (LGT) has been recognised as a major force shaping
prokaryotic genomes (Lapierre and Gogarten, 2009; Ochman et al., 2000; Vos et al., 2015).
Unlike conjugation and transduction, mediated respectively by plasmids and phages,
transformation is the only LGT mechanism to be exclusively encoded by genes present on
prokaryotic chromosomes (Ambur et al., 2016), and is maintained by natural selection
because it provides benefits analogous to those of sexual recombination (Levin and Cornejo,
2009; Takeuchi et al., 2014; Vos et al., 2015; Wylie et al., 2010). Recombination via
transformation favours adaptation by breaking down disadvantageous combinations of
alleles (Levin and Cornejo, 2009; Wylie et al., 2010) and preventing the fixation of
deleterious mutations (Levin and Cornejo, 2009; Takeuchi et al., 2014). Some theoretical
studies (Redfield, 1988; Redfield et al., 1997) suggest that transformation is only
advantageous in presence of strong positive epistasis, a condition rarely met by extant
prokaryotes. But more recent modelling work shows that transformation facilitates the
elimination of deleterious mutations and prevents Muller’s ratchet, even when the genes
acquired from the environment have a slightly higher mutation load than the population
undergoing LGT (Levin and Cornejo, 2009; Takeuchi et al., 2014). As transformation provides

similar advantages as meiotic sex, why did the first eukaryotes forsake one for the other?
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How did the unique conditions at the origin of eukaryotic life give rise to the selective
pressures that determined this transition? In particular, is it possible that the massive
expansion in genome size in early eukaryotes created the conditions for the evolution of a
more systematic way of achieving recombination?

Very little is known about the relation between genome size and the accumulation
of deleterious mutations in populations undergoing transformation, as previous models
either do not consider it explicitly (Levin and Cornejo, 2009; Wylie et al., 2010) or treat it as
a constant parameter (Takeuchi et al., 2014). In order to evaluate the impact of genome size
and recombination rate on the dynamics of accumulation of mutation, | develop a new
theoretical and computational model of Muller’s ratchet in a population of haploid
individuals, undergoing homologous recombination of genetic material via transformation.
For simplicity, | refer to this process simply as ‘LGT’. | do not consider genetic exchange
facilitated by plasmids, phages, or other selfish genetic elements (Lapierre and Gogarten,
2009; Ochman et al., 2000; Vos et al., 2015).

The population is subjected to variable rates of mutation and recombination due to
LGT. The model includes two new parameters, genome size and recombination length,
which have not been taken into account by previous theoretical studies (Levin and Cornejo,
2009; Takeuchi et al., 2014; Wylie et al., 2010). | evaluate the effects of different selective
landscapes, either uniform across the genome, or split between core and accessory
genomes. The severity of the ratchet is evaluated using standard approaches for measuring
the rate of fixation of deleterious mutations and the expected extinction time of the fittest
class (Gordo and Charlesworth, 2000a; Haigh, 1978; Takeuchi et al., 2014). | suggest that

systematic recombination across the entire bacterial genomes was a necessary
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development to preserve the integrity of the larger genomes that arose with the emergence

of eukaryotes, giving a compelling explanation for the origin of meiotic sex.

3. Methods

| use a Fisher-Wright process with discrete generations to model the evolution of a
population of N haploid individuals, subject to a rate of deleterious mutation u per locus
per generation, with LGT at a rate A. The genome of an individual j is described by a state
vector 20D = (z,, .., Zg), Where g is the number of loci. Each locus i can accumulate a

)

number of mutations (0, 1, 2,...). The components z;*” are the number of deleterious
mutations at the i-th locus of the j-th individual. This allows me to keep track of the number
of mutants in an individual and the distribution of mutations at each locus in the population.
| define fixation of a mutant at a locus when the least-loaded class (LLC) at that locus is lost.

As | neglect back-mutation, fixation of a mutant is permanent.

Table 2.1 Parameters and variables

N population size

u mutation rate per locus per generation

g genome size (number of loci)

U genome-wide mutation rate

S strength of selection against deleterious mutations
A LGT rate

L recombination length (number of loci)
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| consider two different mutational regimes: constant mutation rate per locus and
constant genome-wide mutation rate. In the first scenario, the genome-wide mutation rate
U = ug is calculated as the product between the mutation rate per locus per generation
and the number of loci (I assume that the mutation rate per locus is constant across the
whole genome). Under this assumption, the severity of the ratchet increases exponentially
with genome size, and this effect is can only partially be offset by an increase in population
size (SI; Figure 2.S1). | also investigate the effect of a constant genome-wide mutation rate
U for genomes of different size. This allows me to study the intrinsic limitations of LGT and
distinguish them from the increase in the ratchet severity associated with larger g in the
presence of a constant mutation rate per bp (see Appendix A and Figure 2.51).

| introduce a new parameter L, the number of contiguous genes acquired with each
LGT recombination event (i.e., the size of imported DNA), which has not been considered by
previous theoretical studies (Levin and Cornejo, 2009; Takeuchi et al., 2014; Wylie et al.,
2010). In order to avoid unnecessary complexity, | ignore the probability of ectopic
recombination (whose effects will be analysed in great detail in the following chapter), and
assume that DNA strands present in the environment (eDNA pool) are only stable for one
generation before decaying irreversibly.

In the first part of this study, | assume that all mutations are mildly deleterious. Each
mutation at a locus and across loci causes the same decrease in individual fitness s.
Following previous studies of Muller’s ratchet (Gordo and Charlesworth, 2000a; Haigh,
1978; Takeuchi et al., 2014), | choose a multiplicative function to model the fitness of an
individual carrying m mutations, given by the formula w,, = (1 — s)™ (i.e., no epistasis). In
the second part of the study, | investigate more complex distributions of strength of

selection across the genome. In particular, | differentiate between a strongly selected core
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genome and accessory genome under weaker selection. Which genes belong to the core
and to the accessory genome is determined by random sampling. The fitness of an
individual that carries m; mutations at locus i is given by w(t) = le(l - sl-)mi, where
s; = 0.005 if locus i belongs to the core genome and s; = 0.001 otherwise.

Each generation, the life history of the population follows the following processes
(Figure 2.1). The new generation is obtained by sampling N individuals at random, with
replacement, from the old population. The probability of reproduction is proportional to the
individual fitness w,,,. Each individual acquires n) new deleterious mutations, where n0) is
a random variable drawn from a Poisson distribution with mean U. Then the old generation
dies, and their DNA forms the genetic pool from which the new generation acquires
exogenous DNA (eDNA) for recombination. The number of mutations and their position in
the genome are randomly determined. Each individual has a probability A of undergoing
LGT. For each individual that undergoes LGT, a random donor is selected from the previous
generation and L contiguous loci are randomly selected from its genome. The genome is
assumed to be circular, so locus g is contiguous with locus 1. The corresponding
components of the state vector of the recipient become equal to those of the donor. This
can lead both to an increase or a decrease in the mutation load of the recipient.

The model described above has been implemented using MATLAB. Random
sampling is achieved using the function ‘randsample’. All random processes described above
have been simulated using MATLAB's functions ‘rand’ and ‘random’. The code used for the
simulations has been uploaded on GitHub

(https://github.com/MarcoColnaghi1990/Colnaghi-Lane-Pomiankowski-2020).
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Figure 2.1 | Model dynamics. After the birth of a new generation, eDNA is acquired from the
environment and randomly recombined with recombination length L, at a rate A per genome.
Following LGT, new mutations are randomly introduced at a rate u per locus. A new generation is
then sampled at random, in proportion to reproductive fitness w,,. The old generation dies and its

DNA is released, constituting the eDNA pool for the new generation.

Simulations are started from a population free of mutation and run for 10,000
generations, with 50 replicates for a given set of parameter values. Two measures, time of
extinction of the least-loaded class (LLC) (T,,) and the time of irreversible? loss of the LLC
(Am/At), have been used to assess the effect of the ratchet (Gordo and Charlesworth,
2000a; Haigh, 1978; Takeuchi et al., 2014). After recombination, | calculate the number of
individuals in the least-loaded class (LLC), the set of individuals whose genomes are
mutation free: z0) = (0,0, ...,0). When a mutant reaches fixation at a particular locus, the

mutation-free class is irreversibly lost, and | mark this as T,,, (extinction time of the LLC).

2 In populations undergoing LGT, the loss of the least-loaded class can be reversed by the acquisition of
environmental DNA, unless a mutant reaches fixation at a particular locus and the wild-type allele is not
present anymore in the environmental gene pool.

47



T,y gives an estimate of the time that a population can remain free of mutations. The
second measure is the genome-wide rate of fixation Am/At, which is calculated as the ratio
between the total number of fixed mutations at the end of the simulation, and the duration
of the simulation itself (i.e., 10,000 generations). The rate of fixation per single locus is the
ratio between the genome-wide rate of fixation and genome size g. Am/At is a measure of

the rate of accumulation of mutations.

4. Results

4.1. Constant mutation rate per locus
Genome size increases the severity of the ratchet, measured by T,,;, the expected
extinction time of the LLC (Figure 2.2). Large genomes gain de novo mutations at a faster
rate than small ones, leading to a decline in LLC extinction time, as there are more
independent loci that can possibly fix for the mutant (Figure 2.2, no LGT). LGT reduces the
severity of the ratchet and increases the expected LLC extinction time (Figure 2.2), making
the population less vulnerable to stochastic fluctuations in population size. The beneficial
effect is more evident as recombination length (L) and LGT rate (A) increase (Figure 2.2).
However, as genome size (g) increases the expected extinction time plummets, rapidly
approaching that of a clonal population with a larger genome, both in the presence of high
(A = 0.1, Figure 2.2A) and low (A = 0.01, Figure 2.2B) LGT rates. The sole exception is when
recombination length is of the same order as the magnitude of genome size (L = 0.2g,
Figure 2.2). Only under this condition can increases in genome size be tolerated without a

drastic decline in T,y;.
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Figure 2.2 | Impact of LGT and genome size on the ratchet. The mean extinction time (generations)
of the Least-Loaded Class (T,,;) is shown as a function of genome size (g) for various recombination
lengths (L), in the presence of (A) low (A = 0.01) and (B) high (A = 0.1) LGT rates. The blue lines
show the extinction time when there is no LGT, and is the same in (A) and (B). Parameters: s =
1073, N =5 x 103, u = 107*, U = u X g. Data points and error bars show, respectively, the

average and the standard deviation over 50 independent simulations.

In a small genome, LGT reduces the speed at which mutations accumulate in a
population, counteracting the ratchet effect both in the presence of a high (1 = 0.1) or low
(A = 0.01) LGT rate (Figure 2.3). This effect is more pronounced with higher LGT rates (4)
and longer recombination lengths (L). But even in presence of LGT, large genomes are
subjected to higher rates of accumulation, comparable to those of a purely clonal
population (Figure 2.3). Only when recombination length approaches the same order of
magnitude as genome size (L = 0.2g) and occurs at high frequency (4 = 0.1) can LGT

sufficiently repress mutation accumulation in large genomes (Figure 2.3B and 4D).
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Figure 2.3 | Impact of LGT and genome size on the rate of accumulation of mutation. The mean
genome-wide rate of fixation of deleterious mutations per generation, calculated over a time
interval t = 10° generations, as a function of genome size (g) for various recombination lengths (L).
This is shown for (A) low (A = 0.01) and (B) high (1 = 0.1) LGT rates. Similarly, the rate of fixation of
deleterious mutation per locus per generation is shown, again for (C) low (4 = 0.01) and (D) high

(A = 0.1) LGT rates. As genome size increases, LGT becomes less effective in reducing the
mutational burden of a population. An increase in recombination length improves the efficiency of
LGT in preventing the accumulation of mutations, but this beneficial effect declines rapidly with
genome size. Only if recombination length is of the same order of magnitude as genome size (L =
0.2g) and the rate of LGT is high (1 = 1071) can large genomes be maintained in a mutation-free
state. Parameters: s = 1073, N = 10%, u = 107, U = u x g- Data points and error bars show,

respectively, the average and the standard deviation over 50 independent simulations.

4.2. Constant genome-wide mutation rate

The limitations of LGT in large genomes become evident in simulations with a constant
genome-wide mutation rate in which | increase genome size but constrain the genome-wide
mutation rate (U) to a constant value. In this case, changes in the efficacy of LGT cannot be

due to changes in the rate at which new mutations arise in a genome.
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With a low LGT rate (A = 0.01), recombination of short fragments (L = 1) is not
enough to halt the mutational advance and provides virtually no benefits compared to
clonal reproduction, with either a low (Figure 2.4A) or high genome-wide mutation rate
(Figure 2.4B). With a high LGT rate (A = 0.1, Figure 2.4B and D), larger values of L (i.e., L >
5) can drastically reduce the rate of accumulation of mutations in small genomes, but are
not able to counter Muller’s ratchet in larger genomes. As in the previous section, this effect
is less evident with a low LGT rate (Figure 2.4A and 4C). However, when the recombination
length approaches the same order of magnitude as genome size (L = 0.2g), the
accumulation of mutations is retarded regardless of genome size, both in the presence of a
low (U = 0.01, Figure 2.4A and B) and high genome-wide mutation rates (U = 0.1, Figure
2.4C and D). In presence of a high LGT rate (4 = 0.1), recombination of such long fragments
(L = 0.2g) effectively prevents any increase in mutation load (Figure 2.4C and 4D). It is even
possible to see a decline in mutation accumulation as genome size increases (Figure 2.4D).
But this is for the artefactual reason that for a fixed genome wide mutation rate, the per
gene mutation rate declines with g. This results in a net benefit as genome size increases
under the condition that L = 0.2g where the recombination length remains a constant
fraction of g. Even though unrealistic, constraining the genome-wide mutation rate reveals

that LGT becomes less efficient per se as genome size increases.
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Figure 2.4 | Rate of fixation of mutations with constant genome-wide mutation rate. The mean
genome-wide rate of fixation of deleterious mutations per generation. This is shown for a low rate
genome-wide mutation rate U = 0.01 for (A) low (A = 0.01) and (B) high (1 = 0.1) LGT rates, and a
high genome-wide mutation rate U = 0.1 for (C) low (A = 0.01) and (D) high (4 = 0.1) LGT rates,
across a range of recombination lengths (L). The fixation rate was calculated over a time interval of

t = 10° generations, as a function of genome size. LGT is not able to prevent the accumulation of
mutation in large genomes, except for a recombination length on the order of the whole genome

(L =0.2g). Parameters: s = 1073, N = 5 x 103. Data points and error bars show, respectively, the
average and the standard deviation over 50 independent simulations. The different data points have

been slightly off-set in order to prevent overlap between errorbars.

4.3. Non-uniform strength of selection
Different loci in the genome are typically under different strengths of selection. In order to
capture this fact in the model, | consider the core and accessory genomes differently. The
size of the core genome is fixed (g, = 50), while the accessory genome size varies as the

genome expands. The core loci are under strong selection (s = 0.005) and the accessory
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loci are under weak selection (s = 0.001). Core and accessory loci are randomly distributed
in the genome. Under this selection regime, mutations preferentially accumulate in the
accessory genome, where the strength of selection is lower, while the core genome

accumulates mutations at a relatively slow rate (Figure 2.5).
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Figure 2.5 | Fixation of mutations in the core and accessory genome. Fixed mutations in the core
and accessory genome after t = 10° generations for no LGT with (A) small (g = 100) and (B)
intermediate (g = 500) genome size, and for LGT (L = 5, A = 0.1) with (C) small (g = 100) and (D)
intermediate (g = 500) genome size. Mutations preferentially accumulate in the accessory genome
under weaker selection (s = 0.001), while the strongly selected core genome (s = 0.005)
accumulates few or no mutations. The rate of fixation increases with genome size, while the benefits

of LGT decline with genome size. Parameters: N = 10*, u = 107*,U = u X g.
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Genome size expansion results in more severe ratchet effects, with a marked
increase in the rate of mutations reaching fixation in the regions of the genome that are
under weaker selection, alongside a moderate increase in core genome mutation fixation
rate (Figure 2.6). LGT is effective in reducing the mutational burden, both in the accessory
and in the core genome; but this beneficial effect is less evident in large genomes than in
small ones (Figure 2.6). Recombination across the whole genome (L = 0.2g) completely
eliminates fixation in the core genome, regardless of genome size, and markedly reduces

the fixation rate in the accessory genome, facilitating genomic expansion (Figure 2.6).
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Figure 2.6 | Rate of fixation of mutations in the core and accessory genome. The fixation of
mutants in the (A) core and in the (B) accessory genome is shown after t = 10° generations,
normalised by genome size. A higher number of mutations accumulate in the accessory genome that
is under weaker selection. Genome size expansion increases the severity of the ratchet and the
number of fixed mutations in the core and accessory genome. The introduction of LGT considerably
reduces the mutational burden. Parameters: 1 = 10"}, L=5N =10%, u =104, U =ux g,

Score = 0.005 and s, = 0.001. Bars and error bars show, respectively, the average and the

standard deviation over 50 independent simulations.
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5. Discussion

Asexual organisms are well known to be vulnerable to the effects of drift, which reduces the
genetic variation within a population, causing the progressive and inescapable accumulation
of deleterious mutations known as Muller’s ratchet (Haigh, 1978; Muller, 1964; Otto, 2009).
In eukaryotes, sexual recombination counters the effects of genetic drift and restores
genetic variance, increasing the effectiveness of purifying selection and preventing
mutational meltdown (Otto, 2009). In prokaryotes, sexual fusion does not occur. But the
exchange of genetic material does occur through transformation, the lateral gene transfer
(LGT) and recombination of environmental DNA (eDNA). Meiotic recombination likely arose
from bacterial transformation. Understanding the reasons why this transition occurred
during early eukaryotic evolution are critical to a rigorous understanding of the Queen of
problems in evolutionary biology, the origin of sex. Sex did not arise from cloning, as tacitly
assumed in the classic theoretical literature, but from prokaryotic transformation. To
elucidate this transition, | examined the effectiveness of LGT at countering the dynamics of
Muller’s ratchet, to understand where and why LGT becomes ineffective at maintaining
genome integrity, necessitating the transition to sexual reproduction in early eukaryotes.

| assessed the effect of LGT on the severity of the ratchet using the expected
extinction time of the least-loaded class and the rate of fixation of deleterious mutations.
Unlike previous modelling work, | included genome size as a model parameter in order to
investigate the impact of genome size, as opposed to keeping it fixed (e.g. 100 loci (Takeuchi
et al., 2014)). Genome size is plainly important in relation to the evolution of eukaryotes,
which have expanded considerably in almost every measure of genome size (e.g. DNA
content, number of protein-coding genes, size of genes, number of gene families, regulatory

DNA content; Lane and Martin, 2010}. Considering gene number in the model reveals a
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strong inverse relationship between genome size and the benefits of LGT. In small genomes,
LGT is effective at preventing Muller’s ratchet, with long extinction times (Figure 2.2) and
low rates of mutation accumulation (Figure 2.4). These results mirror those from modelling
assuming a single genome size (g = 100), which show that LGT can halt Muller’s ratchet
even if the environmental DNA has a higher mutation load than the population (Takeuchi et
al., 2014). However, those results show that large genomes limit the efficiency of LGT,
increasing the overall input of mutations to the genome. Larger genomes increase the
severity of the ratchet leading to shorter extinction times and faster rates of mutation
accumulation (Figure 2.2-3). In order to avoid unnecessary complexity, the model does not
take into account other possible benefits of LGT. In particular, a number of other theoretical
studies indicate that LGT can increase the rate of adaptive evolution (lles et al., 2003; Levin
and Cornejo, 2009; Wylie et al., 2010). In light of my results, it would be reasonable to
expect these adaptive benefits decline as genome size increases.

Here | deliberately fixed genome size to evaluate the efficacy of LGT in the face of
mutation accumulation. It would be illuminating to model the spread of modifiers, both of
recombination length and the rate of LGT, given different genome size. As in the literature
on organisms with meiotic sex (Barton and Otto, 2005; lles et al., 2003), the frequency of
modifiers of LGT induced recombination will spread by hitchhiking as they generate variance
in fitness, dependent on population size and the number of loci. This approach could be
extended to ask how the spread of modifiers of LGT lead to changes in genome size. This
could be attempted within a general model in which there is a fitness advantage of
acquiring new genes through LGT balanced by the rate of deletion (Sela et al., 2016). The
role of recombination length and the rate of LGT in genome size expansion and the

frequency of gene loss needs to be clarified, and will be addressed in the following chapter.
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Under the assumption of a constant mutation rate per locus, theoretical results
predict that the severity of the ratchet (measured as the equilibrium number of individuals
in the least-loaded class) increases exponentially with genome size (Haigh, 1978) (see also
Appendix A; Figure 2.51). In addition to this effect — which could potentially be offset by a
lower mutation rate per locus — large genomes are penalized by the decreased effectiveness
of LGT at reducing the mutation load. This result holds true regardless of the assumption
that large genomes present a greater mutational target than smaller ones. Even with a
constant genome-wide mutation rate, LGT becomes less effective at purging large genomes
from deleterious mutations, showing that this effect is not due to a higher mutation rate,
but to an intrinsic limitation of LGT (Figure 2.4).

The increased potency of the ratchet as genome size increases is ameliorated by an
increase in the rate of LGT (A; Figure 2.2-3). Is this a viable option for prokaryotic species to
enable them to expand genome size? In a number of species, LGT has been estimated as
being the same magnitude (or higher) as the rate of nucleotide substitution, including B.
cereus (Hao and Golding, 2006), Streptococcus (Marri et al., 2006), Corynebacterium (Marri
et al., 2007), and Pseudomonas syringae (Nowell et al., 2014). Rates are highly variable
among species (Croucher et al., 2012; Johnston et al., 2015; Vos et al., 2015). Competence
for transformation can be induced by a range of environmental stressors including DNA
damage, high cell density and limited nutrient availability (Bernstein and Bernstein, 2013).
But LGT rates are constrained by eDNA availability, which depends on the amount of DNA in
the environment and the degree of sequence homology (Croucher et al., 2012; Vos et al.,
2015).

The model predicts that higher LGT rates will strengthen purifying selection and

favour the elimination of mutants. This result is compatible with the strong correlation
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observed between the number of horizontally transferred genes and genome size across a
range of prokaryotes (Fuchsman et al., 2017; Jain et al., 2003). However, it is not clear to
what extent the rate of LGT can be modified. The results presented here indicate that larger
bacterial genomes are more likely to be sustained by higher rates of LGT, but the benefits of
LGT as actually practiced by bacteria — the non-reciprocal uptake of small pieces of DNA
comprising one or a few genes — are unlikely to sustain eukaryotic-sized genomes. In short,
LGT as actually practised by bacteria cannot prevent the degeneration of larger genomes.
Importantly, the model shows that the benefits of LGT also increase with
recombination length (L; Figure 2.2-3). In gram positive bacteria, recombination of large
eDNA sequences is the exception rather than the rule (Croucher et al., 2012; Mell et al.,
2014). Experimental work indicates that the distribution of eDNA length acquired is skewed
towards short fragments, with a third of transformation events less than 1kb, a median
around 2-6kb and range extending up to ~50kb (Croucher et al., 2012), although other
studies have reported a larger median and range for transfer sizes (Hiller et al., 2010).
Recombination of short DNA sequences appears to be an evolved state in Streptococcus
pneumoniae, as the dedicated system cleaves eDNA into smaller fragments before
recombination takes place (Claverys et al., 2009). Given that loci are around 1kb, with short
intergenic regions, this represents the potential for several genes to be transferred in a
single LGT event (Mira et al., 2001; Moran, 2002). There are several potential reasons for
focus on small genomic pieces in LGT recombination. Cleavage of eDNA into smaller
sequences increases the likelihood of homologous recombination, while the acquisition of
long sequences can be associated with loss of genetic information (Croucher et al., 2012)
and can potentially disrupt regulatory and physiological networks (Baltrus, 2013). It has also

been suggested that the small size of recombination fragments is a mechanism for
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preventing the spread of mobile genetic elements (Croucher et al., 2016). On the other
hand, gram-negative bacteria do not cleave eDNA on import, but their ability to acquire
eDNA sequences >50kb is limited by physical constraints (Mell et al., 2014). The high
variability of LGT size suggest that there is flexibility and the potential for evolutionary
change. But there is no evidence that larger genome size is accompanied by a higher
recombination length. Bacteria do not appear to load large pieces of chromosome via LGT
(i.e., >10% of a genome), although in principle it should be possible for them to do so.

As for purely asexual populations (Haigh, 1978), the strength of selection plays a
critical role in determining the rate of mutation accumulation, with regions of the genome
under strong selection accumulating mutations at a low rate (Figure 2.5-6). The ratchet
effect is mainly observed in the accessory genome, with mutations accumulating
preferentially in loci under weak selection (Figure 2.5-6). The model predicts that genome
size expansion can occur in populations under strong purifying selection (e.g., due to a
larger effective population size). Strong selection decreases the rate of genetic information
loss, allowing the acquisition of new genetic content without an attendant increase in
mutation fixation. This prediction is in agreement with the positive correlation observed
between genome size and the rate of non-synonymous to synonymous substitutions
(dN/dS) in bacteria (Bobay and Ochman, 2018; Novichkov et al., 2009). However, organisms
under similar selective pressures often display a broad range of genome sizes (Novichkov et
al., 2009), indicating that other factors, including mutation rate and LGT, have a strong
impact on prokaryotic genome size. Under high mutation rate and weak selective pressure,
genome size expansion is disfavoured.

Eukaryotes, including simple unicellular organisms, typically possess much larger

genomes than prokaryotes (Elliott and Gregory, 2015; Koonin, 2009a). Eukaryotic genome
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size expansion was favoured by the acquisition of an endosymbiont, which evolved into the
mitochondrion. This released bioenergetic constraints on cell size and allowed the evolution
of genetic and morphological complexity (Lane, 2014; 2020; Lane and Martin, 2010). The
endosymbionts underwent gene loss, a frequently observed process in extant
endosymbiotic relationships (Lopez-Madrigal and Gil, 2017), and transferred multiple genes
to the host, enriching the host’s genome size with genes of proto-mitochondrial origin
(Martin et al., 2015; Timmis et al., 2004). The reduction of energetic constraints on genome
size probably also facilitated gene (and even whole genome) duplications (Tria et al., 2021),
leading to several thousand new gene families in LECA (Koonin et al., 2004), as well as lower
selective pressure for gene loss after acquisition of novel gene functions by LGT (Szollosi et
al., 2006). The acquisition of endosymbiotic DNA is also thought to have allowed the spread
of mobile genetic elements in the host cell’s genome, contributing to the increase in
genome size and likely increasing the mutation rate (Martin and Koonin, 2006; Rogozin et
al., 2012; Timmis et al., 2004). The model explicitly considers an increase in the number of
selected loci, but the benefits of LGT would decline in a similar fashion if genome size
expansion proceeded through the acquisition of non-selected "junk" DNA. The presence of
non-coding sequence would reduce the chance that a locus under selection undergoes
recombination in a single LGT event (corresponding to smaller A in the model), thus
increasing the severity of the ratchet. The same would follow if increases in genome size
followed from the expansion of mobile elements within the genome, although this would
have introduced complexities relating to repeated sequences and ectopic recombination.
These factors will be discussed in more detail in the following chapter.

Unprecedented genome size expansion brought the first eukaryotes under the

threat of mutational accumulation, creating the need for stronger purifying selection in
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order to keep the expanded genetic content free from mutations. The results presented
here offer a possible explanation of why this process drove the transition from LGT to
meiotic recombination at the origin of sex. In small prokaryotic genomes, LGT provides
sufficient benefits to maintain genome integrity without incurring the multiple costs
associated with sexual reproduction. But LGT fails to prevent the accumulation of
deleterious mutations in larger genomes, promoting the loss of genetic information and
therefore constraining genome size. The model shows that genome size expansion is only
possible through a proportional increase in recombination length. | considered a
recombination length L = 0.2g, which is equivalent to 500 genes for a species with genome
size of 2,500 genes — two orders of magnitude above the average estimated eDNA length in
extant bacteria (Croucher et al., 2012). Recombination events of this magnitude are
unknown among prokaryotes, possibly because of physical constraints on eDNA acquisition.
Limiting factors likely include the restricted length of eDNA, uptake kinetics and the absence
of an alighment mechanism for large eDNA strands (Baltrus, 2013; Croucher et al., 2016;
Thomas and Nielsen, 2005).

The requirement for a longer recombination length L cannot be achieved by LGT,
which must therefore have failed to maintain a mutation-free genome, generating a strong
selective pressure towards the evolution of a new mechanism of inheritance with the loss of
energetic constraints on genome size. However, this magnitude of L is easily achievable via
meiotic sex. The transition from LGT to meiotic sex involves the evolution of cell fusion, the
transition from circular to linear chromosomes, whole-chromosome alignment and
homologous recombination (Goodenough and Heitman, 2014; Lane, 2011). | have not
explicitly modelled the details of this process or considered the order in which these factors

arose (see Chapter 5 for a more detailed discussion of how my hypotheses fit different
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eukaryogenesis scenarios). These aspects are crucial to our understanding of the origin of
meiotic sex and will be addressed in a series of future publications. Nonetheless, the results
presented in this chapter show that eukaryotes had to increase the magnitude of
recombination length beyond the limits of LGT in order to permit the expansion in genetic
complexity without the attendant increase in mutational burden. Eukaryotes had to
abandon LGT in order to increase recombination length and maintain a large genome. Sex

was forced upon us.

6. Conclusion

The benefits of LGT in maintaining genome integrity decline rapidly with genome size,
making large genomes vulnerable to the accumulation of mutations. This effect constrains
genome size in prokaryotes, and becomes even more severe with small population sizes and
high mutation rates. These constraints can be partially overcome by increases in LGT rate
and recombination length (Figure 2.3-4). But only recombination across the whole genome
can wholly overcome these constraints. With the massive genome expansion at the origin of
eukaryotes, the evolution of meiosis allowed homologous recombination across the whole
genome, and not only across a limited region spanning little more than a few loci, as in LGT.
The endosymbiosis that gave rise to the first eukaryotes led to the frequent transfer of
genes from the endosymbiont to the host, resulting in a large expansion in genome size,
likely coupled to high mutation rates. The model shows that these conditions wrought the
failure of LGT in preventing Muller’s ratchet. The resulting selective pressure promoted the
evolution of sexual cell fusion and meiosis, maximizing recombination length and protecting

eukaryotic genomes from excessive mutational burden. LGT in prokaryotes gave way to
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meiotic sex in eukaryotes because only sex can sustain the expansion in genome size that

underpins all eukaryotic complexity.
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Chapter 3 — Repeat sequences limit the effectiveness of LGT and

favoured the evolution of meiotic sex in early eukaryotes?

1. Summary

In eukaryotes, meiotic recombination prevents the accumulation of deleterious mutations
predicted by Muller’s ratchet. In prokaryotes, recombination of environmental DNA via
Lateral Gene Transfer (LGT) provides similar benefits, but this effect is strongly constrained
by genome size. As discussed in Chapter 2, recombination of long DNA sequences (as in
meiosis) can halt mutation accumulation in large (eukaryotic-sized) genomes. But rather
than taking up and recombining long DNA sequences, eukaryotes evolved sexual cell fusion,
followed by homologous pairing and recombination. Long recombination events are also
rarely observed in bacteria, which display a distribution of recombination length skewed
towards short DNA fragments, indicating the presence on constraints on LGT. Repeat
sequences, such as gene families and selfish genetic elements, might be crucial to
understand these constraints and their role in the evolution of meiosis. In the presence of
repeats, ectopic recombination can lead to the loss of genetic information through deletion,
introducing an additional cost to the LGT of long DNA sequences. Here | show that in the
presence of genetic repeats, the benefits of LGT are rapidly offset by increasingly high rates
of genetic information loss. These results offer new insight into the origin of meiotic sex.
Early eukaryotes underwent an unprecedented genome size expansion, with a concurrent
rise in repeat sequences through the spread of introns and the creation of ~3000 new gene

families. The need for purifying selection imposed by such large genome could not be met

3 A revised version of this chapter is currently being prepared for publication.
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by an increased LGT rate or recombination length without incurring in a catastrophic loss of
genetic information. Homologous pairing followed by recombination across whole
chromosomes allows a conspicuous increase in recombination length, while eliminating the

risk of information loss associated with LGT in the presence of repeat sequences.

2. Introduction

The origin of sex has been long considered ‘the queen of problems in evolutionary biology’
(Bell, 1982). The universal prevalence of sexual reproduction among eukaryotes indicates
that meiotic sex evolved early, before the divergence of the first eukaryotic clades (Schurko
and Logsdon, 2008; Speijer et al., 2015). It did so alongside all the distinguishing features of
eukaryotic complexity, including mitochondria, a dynamic cytoskeleton, linear
chromosomes, the nucleus and an endomembrane system (Dacks et al., 2016; Koumandou
et al., 2013). But the selective reasons behind the evolution of meiosis are still poorly
understood. A traditional approach in the literature is to evaluate the advantages sexual
reproduction by contrasting clonal and sexual populations (Bell, 1982; Otto, 2009). While
this approach has been successful in illuminating the widespread maintenance of sex in
eukaryotes, it does not directly address the selective pressures that led to the origin of
meiotic sexual reproduction in the context of eukaryogenesis, the evolutionary transition
that gave rise to eukaryotic life (Maynard Smith and Szathmary, 1995; Szathmary, 2015).
The presence of common molecular machinery suggests that meiosis evolved from
transformation (one of the major routes of genetic exchange via LGT in prokaryotes, which
involves the acquisition of environmental DNA, followed by recombination into the host
genome (Ambur et al., 2016; Johnston et al., 2014)) during the transition to eukaryotic

organisation (Bernstein and Bernstein, 2013; Mirzaghaderi and Horandl, 2016; Schurko and
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Logsdon, 2008). Some key genetic elements involved in meiotic sex were repurposed in
early eukaryotes from genes present in archaea and bacteria (Lin et al., 2006). In particular,
prokaryotes possess homologues of the cardinal molecular machinery for meiotic sex,
including proteins of the SMC gene family of ATPases necessary for chromosome cohesion
and condensation (Hirano, 2005); actin and tubulin, required for daughter cell separation
and the movement of chromosomes, respectively (Erickson, 2007); and the Rad51/Dcm1
gene family, which plays a central role in meiosis and has high protein sequence similarity
with RecA, responsible for homologous search and recombination during bacterial
transformation (Johnston et al., 2014, Lin et al., 2006). Besides sharing central molecular
machinery with meiosis, transformation also provides similar benefits.

Transformation is one of the major routes of genetic exchange via LGT in
prokaryotes, which involves the acquisition of environmental DNA, followed by
recombination into the host genome, and has been studied intensively in bacteria (Ambur et
al., 2016; Johnston et al., 2014). Archaea also undergo transformation, although the
mechanisms involved are less well understood (Fonseca et al., 2020; Wagner et al., 2017). In
several species, uptake is limited by specific recognition sequences, favouring sequences
from close relatives (de Vries and Wackernagel, 2002; Frye et al., 2013; Hilter and
Wackernagel, 2008; Mell et al., 2012). Unlike other forms of LGT (conjugation by plasmids
and transduction by phage), transformation is completely regulated and controlled by the
host cell, through genes exclusively encoded on the host chromosome (Seitz and Blokesch,
2013).

By allowing genetic exchange between lineages, transformation provides similar
benefits to those of meiotic recombination, favouring adaptation through the acquisition of

new genes (Gogarten and Townsend, 2005; Mclnerney et al., 2017; Pal et al., 2005; Polz et

66



al., 2013). In several species, the acquisition of sequence from close relative is favoured by
specific recognition sequences, supporting the idea that transformation provides not only
adaptive, but also conservative benefits (de Vries and Wackernagel, 2002; Frye et al., 2013;
Hilter and Wackernagel, 2008; Mell et al., 2012). In experimental evolution, recombination
via LGT, mediated by transformation, can accelerate adaptation by reducing selective
interference (Baltrus et al., 2008; Engelmoer et al., 2013). Populations of Streptococcus
pneumoniae undergoing transformation also accumulate deleterious mutations at a lower
rate than non-recombining populations, and are less likely to evolve mutator strains
(Engelmoer et al., 2013). This evidence is in agreement with theoretical models indicating
that transformation can restore genes that have been disrupted through mutation or
deletion (Levin and Cornejo, 2009), prevent the loss of genes under weak selection (van Dijk
et al., 2020), and halt Muller’s ratchet in prokaryotes (Colnaghi et al., 2020; Takeuchi et al.,
2014). Given that LGT provides very similar benefits to those of meiotic sex, it is still hard to
understand why early eukaryotes abandoned the former for the latter.

In the previous chapter, | suggested that ancestral genome size expansion was
pivotal in determining the failure of LGT and drove the evolution of meiosis (Colnaghi et al.,
2020). Eukaryotes originated from the endosymbiosis between a close relative of modern
alpha-protobacteria and an archaeal host related to the Asgard clade, both of which were
likely to undergo LGT via transformation (Martin et al., 2015; Zaremba-Niedzwiedzka et al.,
2017). During the early stages of eukaryotic evolution, the archaeal host’s genome was
enriched with genes of endosymbiotic origin, whilst the endosymbiont genome became
greatly reduced (Martin et al., 2015; Timmis et al., 2004). The extra energetic availability
provided by the proto-mitochondrial endosymbiont released bioenergetic constraints over

prokaryotic cell and genome size (Lane, 2020; Lane and Martin, 2010). But this extra
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energetic availability came with the cost of maintaining a larger genome, as the majority of
bacterial genes supporting the function of the proto-mitochondrial endosymbiont were
transferred to the host genome, leading to a massive increase in genome size (Koonin et al.,
2004; Lane and Martin, 2010; Timmis et al., 2004; Vosseberg et al., 2021). In addition to the
import of bacterial coding sequences, host genome size expansion reflected an increase in
repeat sequence density. This occurred through gene duplication and divergence to enable
a range of novel functions, which is estimated to have doubled gene number and led to the
acquisition of ~¥3000 new gene families in LECA (Koonin et al., 2004; Makarova et al., 2005;
Vosseberg et al., 2021). In addition, repeat sequences are thought to have expanded early in
the proto-eukaryotic cell, potentially leading to gene loss through ectopic recombination.
Group Il self-splicing selfish mobile elements with a bacterial endosymbiotic origin are
thought to have spread widely through the host genome, giving rise to introns in early
eukaryotes and promoting the evolution of the nuclear membrane (Koonin, 2006; Martin
and Koonin, 2006; Rogozin et al., 2012). These and related transposable elements are
present in many bacterial species, almost always at low copy numbers (<10 per genome)
(Lambowitz and Belfort, 2015). But in the proto-eukaryote cell, they increased in a more
uninhibited manner, perhaps exploiting the nonhomologous end-joining mechanism of DNA
repair found throughout eukaryotes (Lee et al., 2018), reaching a density comparable to
that seen in modern eukaryote species (Rogozin et al., 2012).

Increased genome size is likely to have caused the failure of LGT in preventing the
accumulation of deleterious mutations, as the severity of Muller's ratchet increases
exponentially with genome size and the benefits of LGT are inversely correlated with it
(Colnaghi et al., 2020). As discussed in the previous chapter, LGT helps to purge deleterious

mutations (Takeuchi et al., 2014), but becomes less effective as genome size increases
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(Colnaghi et al., 2020). The results presented in Chapter 2 indicate that LGT can resist
mutation accumulation in larger genomes through increases in recombination length, the
mean size of DNA picked up from the environment and recombined into the host genome
(Colnaghi et al., 2020); similarly, meiotic sex allows genetic exchange across whole
chromosomes, increasing the magnitude of recombination. Recombination of large DNA
sequences via LGT should provide similar benefits to those of meiosis, but is rarely observed
in extant prokaryotes. Experimental work indicates that the distribution of recombination
length in bacteria is skewed towards short eDNA sequences, with a median length that
encompasses at most just few genes (Claverys et al., 2009; Croucher et al., 2012; Hiller et
al., 2010). In addition, bacteria typically cleave environmental DNA reducing recombination
length (Croucher et al., 2012), and no bacterial species regularly load large pieces of DNA.
Another route to a larger genome is an increase in the rate of LGT, but again there are
strong constraints on the rates of uptake and recombination of environmental DNA, which
are limited by eDNA availability and sequence homology (Croucher et al. 2012; Vos et al.
2015). These observations suggest that LGT becomes increasingly ineffective with genome
size expansion, requiring the evolution of a different method of genetic exchange. But the
forces limiting the efficacy of LGT are still poorly understood.

Here, | hypothesize that ectopic recombination caused by repeat sequences
constrains recombination length and LGT frequency, and that the dramatic increase in
repeat density was one of the reasons why eukaryotes were forced to abandon LGT in
favour of meiosis. In order to study whether repeats constrain LGT frequency and
recombination length, | develop a computational model of mutation and selection in a
population of haploid individuals undergoing homologous recombination of genetic material

via transformation (which, for simplicity, | will refer to as ‘LGT’) in the presence of genetic
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repeats. The model presented in this chapter highlights a trade-off between the benefits of
LGT, greater genetic variance leading to increased purifying selection, and its cost, the loss
of genetic information because of ectopic recombination. | postulate that the evolution of
meiotic sex was driven by the need for increased purifying selection in the expanding
genomes of the early eukaryotes, which could not be met by an increase in recombination
length or LGT rate alone. The modelling shows that the limitations of LGT in the presence of
repeat sequences is a crucial factor in understanding the transition from prokaryotic

transformation to meiotic sex.

3. Methods

| use a Fisher-Wright process with discrete generations to model the evolution of a
population of N haploid individuals, subjected to a deleterious point mutation rate of u per
locus per generation and undergoing transformation (LGT) at a rate A. Model dynamics are
analogous to those described in the previous chapter (Figure 2.1). Every individual begins
with a genome composed of g unique protein-coding genes, each of which can exist either
in a wildtype or deleterious mutant state. Interspersed in the genome is a repeated
sequence at a density p per protein-coding gene. The initial positions of the repeats are
randomly sampled from a uniform distribution.

The new generation is obtained by sampling N individuals, with replacement, from
the old population. The probability of reproduction is proportional to the individual
fitness. Following previous theoretical studies (Colnaghi et al., 2020; Gordo and
Charlesworth, 2000b; Haigh, 1978; Takeuchi et al., 2014) | assume no epistatic interactions

and measure fitness as a multiplicative function:
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wi () = (1 — )97, (3.1)

where n;(t) is the number of different functional protein-coding genes possessed by an
individual i at time t. In order to avoid unnecessary complexity, | neglect the fitness effect of
gene duplication, and only consider whether there is at least one functional copy of each

protein-coding gene.

Table 3.1: Model parameters and variables

U Deleterious point mutation rate per locus
U Genome-wide deleterious point mutation rate
A LGT rate
L Recombination length
N Population size
tmax Length of simulations (generations)
p Initial repeat density
g Number of protein-coding genes
AM 4, Gene loss rate per generation due to deletions
AM, e Gene loss rate per generation due to point mutation
AM Total gene loss rate (mutations plus deletions)

Once a new generation is formed, the old generation dies and their DNA forms the
genetic pool from which the new generation acquires environmental DNA (eDNA) for
recombination. | assume that eDNA strands are only stable for one generation before

decaying irreversibly. Individuals of the new generation undergo homologous
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recombination via LGT with a probability A. For successful recombination, homology is
required at the terminal regions (spanning one locus each) of the eDNA sequence and the
host genome. Homology can be either to protein-coding genes or repeats (Figure 3.1A-B).
The genome is assumed to be circular, so locus g is contiguous with locus 1.

For each individual that undergoes LGT, a sequence of eDNA of length L is randomly
sampled from the eDNA pool. For successful recombination, homology is required at the last
elements of the eDNA sequence and the host genome. Homology can be either to protein-
coding genes or repeats (Figure 3.1A-B). These dynamics follow the experimental evidence
that recombination of nonhomologous DNA can take place fairly easily in the presence of
homologous flanking sequences, but not in their absence (de Vries and Wackernagel, 2002;
Hilter and Wackernagel, 2008). Integration of foreign DNA is estimated to be at least 10°
times less likely of that of homologous DNA (Hilter and Wackernagel, 2008) and therefore
neglected in the model. In addition to LGT favoured by flanking sequence homology,
homologous recombination is studied by placing a further restriction for sequence
homology throughout the whole eDNA. After the eDNA sequence is sampled from the eDNA
pool, one of the its two terminal regions (spanning one locus each) is randomly selected,
and a homologous locus x,, is found in the host genome to which the eDNA sequence
attaches. If multiple homologous loci are present, one site is selected at random.
Homologous loci x, to the other end of the eDNA sequence are found in the recipient
genome. For each x, a recombination probability is generated according to a Gaussian

distribution,

(%) (3.2)

T[(d) = E e_5
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where d is the distance (number of loci) between x;, and x,, and the standard deviation is
o = VL. This reflects the assumption that longer eDNA sequences lead to increased
variance in the distribution. One of the x, loci is randomly selected, with weights
proportional to m(d), to be the other terminal region of recombination. With successful
pairing, all the elements between x; and x,, (included) are substituted by the recombining
eDNA sequence. If there is no match to either x;, or x,, recombination with the eDNA
sequence is not possible and no genetic exchange takes place. In addition, to model
homologous recombination, | randomly select two loci x;, and x,, as for LGT. In the
presence of full sequence homology (i.e., if the two sequences contain exactly the same
genes, either as wild-type or mutant alleles) recombination successfully takes place; the
sequence between x; and x, is excised and replaced by the eDNA sequence. Otherwise, no
genetic exchange takes place.

After LGT, each individual acquires m new deleterious mutations, where m is a
random variable drawn from a Poisson distribution with mean U. The genome wide
mutation rate U = ug’, where g’ is the number of wildtype protein-coding genes, as we
assume that mutated genes cannot be mutated again. The position of the particular locus or
loci in the genome that mutate is then randomly determined. For simplicity, the possibility
of back mutation in protein-coding genes and mutations within repeat sequences is
neglected.

The evolutionary process is studied with a population initially free of mutation, over
5,000 generations, with 50 replicates for a given set of parameter values. For each replicate,
| evaluate the gene-loss rate per generation from deletions (AMy/A£) and mutations

(AM;/At) as the sum of the number of fixed deletions and mutations respectively, divided
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by the number of generations. Similarly, the total gene loss rate per generation (AM/At) is
calculated as the sum of these two components.

The model described above has been implemented using MATLAB. Random
sampling is achieved using the function ‘randsample’. All random processes described above
have been simulated using MATLAB’s functions ‘rand’ and ‘random’. The code used for the
simulations has been uploaded on GitHub (https://github.com/MarcoColnaghi1l990/LGT-

repeat-sequences).
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Figure 3.1 | lllustration of the model dynamics.

In LGT recombination of eDNA occurs through the matching of end sequences. It can lead either to
(A) homologous recombination with the replacement of deleterious mutations (in black) by the
wildtype allele, or (B) ectopic recombination caused by the presence of repeats (in white) resulting
in the loss or duplication of genes. (C) The wildtype genome is represented as a linear series of genes

indicated by different colours. (D) The wildtype genome is subject to mutation pressure resulting in
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the accumulation of deleterious alleles by Muller's ratchet. (E) LGT (A = 0.1) allows homologous
recombination, increases genetic variation and favours the elimination of deleterious mutations. (F)
In the presence of repeats (p = 0.1) the possibility of ectopic recombination limits this benefit and
leads to gene deletions and duplications. Other simulation parameters: t = 5,000,g = 100, N =

2,500,L =5,U = 0.003.

4. Results

The mean mutation load of the whole population and the number of mutations in the
least-loaded class (LLC), reflect the interplay between genetic drift and Muller’s ratchet
(Figure 3.2). In a clonal population (A = 0), random fluctuations can cause the LLC to go
extinct (a ‘click’ of the ratchet) determining an ever-increasing mutation load baseline
(Figure 3.2A). In the absence of LGT, the fittest class cannot be restored, and the
increase in mutation load is irreversible. The introduction of LGT (1 = 0.1, L = 5)
favours the elimination of mutations by increasing genetic variation and strengthening
purifying selection (Figure 3.2B). LGT permits the reversal of Muller's ratchet and the
reduction in mutation number in the LLC. In the presence of a high repeat density (p =
0.1), the benefit of LGT comes at the price of a high number of deletions due to ectopic

recombination, making LGT less obviously useful (Figure 3.2C).
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Figure 3.2 | Impact of LGT on Muller’s ratchet dynamics. (A) Mean mutation load (green line) and
least loaded class (LLC) mutation load (black line) of a repeats-free (p = 0) clonal population that
does not undergo LGT (A = 0), across t;;4, = 10,000 generations. Random fluctuations due to
genetic drift lead to irreversible increases of the LLC mutation load (Muller’s ratchet). (B) Mean
mutation load (green line) and LLC mutation load (black line) of a repeats-free (p = 0) population
undergoing LGT (A = 0.1, L = 5). Recombination via LGT increases purifying selection, leading to a
lower mutation load and a less severe ratchet. (C) Mean mutation (green line) and deletion (yellow
line) loads, and LLC mutation (black) and deletion (red) loads of a population undergoing LGT (1 =
0.1, L = 5) in presence of repeats (p = 0.1). While LGT allows the ratchet to be reversed and
reduces mutation accumulation, ectopic recombination due to the presence of repeats leads to a

high rate of deletion. Other simulation parameters: g = 100, N = 2,500, U = 0.003.

Repeat density strongly influences the benefit of LGT. If repeat density is low (p =
1072), increasing LGT (1) is beneficial and reduces the total gene loss rate (Figure 3.3). But

as repeat density rises (o0 = 0.5 X 1072) this benefit is eroded, and higher levels of LGT are
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not advantageous (Figure 3.3). At high levels of repeats (p = 1071), LGT is always

detrimental and elevates total gene loss (Figure 3.3).
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Figure 3.3 | Genomic repeats cause the failure of LGT.

The total gene loss rate AM (through both deletions and deleterious point mutations) for a range of
initial repeat densities (p) and LGT rates (1). For comparison, the grey plane shows the total gene
loss rate in a repeats-free population not undergoing LGT (null model). Other parameters: g = 100,
N = 2,500, t;;,q = 5,000, L =10, u =3 X 1075. Each data point has been obtained by averaging

over the outcome of 100 independent simulations.

This is because a higher density of genomic repeats increases the likelihood of
ectopic recombination, leading to an exponential increase in gene loss through deletions
with repeat density (Figure 3.4A). In addition, high repeat density limits the effectiveness of
LGT in purging deleterious mutations (Figure 3.4B). In sum, LGT ceases to have a beneficial

effect beyond a threshold repeat density (Figure 3.4C).
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Figure 3.4 | Effect of repeat density.

The gene loss rate caused by (A) deletions (AM,; /At), (B) mutations (AM,,, /At) and (C) the total gene
loss rate (AM /At) given different values of repeat density (p). Simulations were carried out with a
high rate of LGT (A4 = 0.1), reporting the mean and standard deviation over 100 runs. The dotted line
represents the null case of mutation accumulation when there is no LGT and no repeats. Other
simulation parameters: g = 100, N = 2,500, u = 3 X 1073, tmax = 5,000, L = 10. Data points

and error bars show, respectively, the average and the standard deviation over 100 independent

simulations.

The lower efficiency of LGT at removing deleterious mutations arises because
repeats make homologous recombination less likely and increase the frequency of ectopic
recombination. This can be seen by adding a requirement for homology in the middle of the
eDNA as well as homology at the ends. This eliminates ectopic recombination, and mutation
accumulation then closely follows the case without repeats, showing an exponential decline
with LGT rate (Figure 3.5A). In contrast, with normal recombination based on end homology

alone, there is a monotonic decline in mutation accumulation as the rate of LGT increases
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(Figure 3.5A). In addition, deletions mean that sometimes one or both ends of the eDNA

lack homology to any genomic sequence, increasing the probability that no recombination

takes place (Figure 3.5B). These effects combine to reduce the rate of homologous

recombination as repeat density increases, limiting LGT’s ability to purge deleterious

mutations (Figure 3.5B).
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Rate and frequency were calculated over t,,,, = 5,000 generations. Other parameters: g = 100,

N =2,500,L =10, U = 0.003 and A = 0.1 (in (B)). Data points and error bars show, respectively,

the average and the standard deviation over 100 independent simulations.

Genome size has a marked impact on the rate of accumulation of mutations (Figure

3.6). At low repeat density (p = 0.01), the purging of deleterious mutations by LGT of

average-sized DNA sequences (L = 10) is higher in smaller genomes; this is because the

probability that a stretch of eDNA matches to a particular deleterious mutation decreases
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with genome size (Figure 3.6A). In small genomes (g = 100), higher rates of LGT are
beneficial, lowering the total rate of gene loss. As genome size increases (g = 1,000),
higher rates of LGT are required in order to prevent the ratchet, and LGT provides little or
no advantage in large genomes (g = 5,000; Figure 3.6A). At high repeat density (p = 0.1),
even small genomes benefit little from LGT, and increases in LGT frequency are detrimental
(Figure 3.6B). This effect is evident even when assuming a constant genome-wide mutation
rate (U = 0.003) rather than a constant mutation rate per bp, which would further penalise

large genomes.
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Figure 3.6 | Genome size. Impact of genome size on gene loss rate under a constant genome-wide
mutation rate (U = 0.003) against the LGT rate (1). (A) At a low repeat density (o = 0.01) and (B)
high repeat density (p = 0.1), in small (g = 100, blue), medium (g = 1,000, green) and large
genomes (g = 5,000, purple). Other parameters: L = 10, N = 2,500, t;,4, = 5.000, U = 0.003.
Data points and error bars show, respectively, the average and the standard deviation over 100

independent simulations.

In the previous chapter, | have shown that increasing L maximises the benefits of
LGT in repeat-free genomes (Colnaghi et al., 2020). In particular, if recombination length
scales proportionally to genome size, LGT can prevent the mutational meltdown of large

genomes. These results hold true when repeat density is low (~0.01; Figure 3.7B), but
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increase in the recombination length (L) is no longer a solution in large genomes with
numerous repeats. Repeats lessen the reduction in mutation accumulation (AM,,, /At) as

L increases, due to LGT becoming less efficient (Figure 3.7A). But the greater effect is felt
through a strong increase in the frequency of deletions (AM; /At) as L increases, which
pushes up the total gene loss rate (AM /At, Figure 3.7A). This is because the magnitude of
deletions (and therefore the number of loss genes) is proportional to recombination length.
The variance of the binding function is also dependent on L, making large deletions more
frequent as recombination length increase. These effects are magnified as repeat density (p)
increases (Figure 3.7B). LGT is beneficial, but is unable to resist gene loss as repeat density
increases because of the rising effect of deletions, which dominate with higher L (Figure
3.7B). A higher L is better, but can't resist high repeat density (p = 0.1; Figure 3.7B). In the
previous chapter, | have shown that homologous recombination, with recombination length
proportional to genome size and the requirement for sequence homology in the middle of
the eDNA, allows a reduction of the mutation load regardless of genome size. Here, | show
that the same holds true in the presence of repeats, as homologous recombination allows
an increase in recombination length (L = 0.1g) without incurring the associated increase in
gene deletions. As a consequence, it is able to lower the total gene loss rate even in the

presence of a high repeat density (Figure 3.7B).
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Figure 3.7 | Recombination length and the advantage of homologous recombination.

(A) Gene loss rate as a function of recombination length (L) in a moderate size genome (g = 500)
with high repeat density (p = 0.1). The effect of recombination length (L) on mutation accumulation
(AM,,, /At, red circles), the frequency of deletions (AM,; /At, blue stars) and total gene loss rate

(AM /At, yellow triangles) are compared to the rate in a genome without repeats (black triangles).
(B) Total gene loss rate as a function of repeat density (p) given homologous recombination (green
circles) with sequence homology in the middle of the eDNA and length proportional to genome size
(L = 0.1g) is compared to LGT with low (L = 5) and high (L = 0.1g) recombination length, and the
null model in the absence of LGT (light blue squares). Parameter values: g = 500, N = 2,500,

tmax = 5,000, 4 = 0.1, U = 0.003. Data points and error bars show, respectively, the average and

the standard deviation over 100 independent simulations.

5. Discussion

Organisms lacking a normal sexual process are often portrayed as destined to mutation
accumulation through Muller's ratchet, on an inevitable decline towards extinction through
mutational meltdown (Haigh, 1978; Lynch et al., 1993; Muller, 1964). This view emanates
from a eukaryotic perspective seeking to explain the maintenance of sexual reproduction in
the face of the two-fold cost of males and other costs relating to meiosis, finding a mate and
cell fusion (Bell, 1982; Otto, 2009; Otto and Lenormand, 2002). Prokaryotes, both bacteria
and Archaea, lack meiotic sex and typically reproduce through asexual division, but they

nonetheless have a number of mechanisms of genetic exchange (Gogarten and Townsend,
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2005; Ochman et al., 2000; Polz et al., 2013; Vos et al., 2015) . In particular, lateral gene
transfer (LGT) caused by transformation allows competent cells to pick-up eDNA released
from related lineages and to recombine it into the host genome. In accord with previous
studies (Colnaghi et al., 2020; Levin and Cornejo, 2009; Takeuchi et al., 2014), the model
presented here shows that LGT generates genetic variation and strengthens purifying
selection, reducing the rate of mutation accumulation, performing a similar function to
meiotic sex in eukaryotes. LGT permits the reversal of Muller's ratchet and the reduction in
mutation number in the least loaded class, which would otherwise be irreversible (Figure
3.2). This leads to a simple question: why did the first eukaryotes, derived from a symbiotic
association of prokaryotic cells, largely abandon LGT and replace it with meiotic sex?

The analysis here shows that the advantages of LGT are undermined by the presence
of genomic repeats (Figure 3.3). The reason for this is that repeat sequences open the
opportunity for ectopic recombination, resulting in loss of genomic sequence. The modelling
shows that gene loss increases exponentially with the density of repeats in the host genome
(Figure 3.4A). Repeats also make LGT less effective at purging deleterious mutations (Figure
3.5A) by reducing the rate of homologous recombination (Figure 3.5B). In addition, as
deletions segregate with mutations at the same time, they cause a form of Hill-Robertson
interference (Hill and Robertson, 1966; Roze and Barton, 2006), lowering the effectiveness
of selection (Figure 3.5A-B). A higher deletion rate, lower homologous recombination rate
and weaker selection contribute to increased loss of genetic information as repeat density
increases (Figures 3). These combined effects depend on higher LGT rates (A1), which are
advantageous in the absence of repeats (Figure 3.3; Chapter 2), but become

disadvantageous above a critical repeat density (Figures 4C).
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In the previous chapter, it was demonstrated that the effectiveness of LGT declines
with genome size expansion in early eukaryotes (Colnaghi et al., 2020). As genome size rises,
the homologous recombination rate per locus falls, simply because the probability that an
eDNA piece matches to a particular locus is inversely proportional to genome size. A
solution to this is to increase the rate of LGT. This is beneficial in small genomes, but has
rather weaker benefits as genome size increases (Figure 3.6A). The presence of repeats
exaggerates this problem, as the same density of repeats in a large genome multiplies the
opportunity for ectopic recombination (Figure 3.5B). The net effect of repeats is that
increasing the rate of LGT pushes up total gene loss (through mutation and deletion)
especially in populations with larger genomes (Figure 3.6C). Higher rates of transformation
are no longer a solution.

As discussed in Chapter 2, an alternative solution for a larger genome is to increase
recombination length. Picking up larger pieces of eDNA (L) leads to a higher recombination
rate per locus and thereby facilitates the elimination of deleterious mutations (Colnaghi et
al., 2020). But these results again depend on the absence of repeats. Larger recombination
length is associated with higher deletion probability in genomes with repeats (Figure 3.7A).
At high repeat density (p = 0.1), the enhanced elimination of deleterious mutations is
outweighed by more deletions, coupled with the lower efficiency of purifying selection,
causing the total rate of genetic information loss to increase with recombination length
(Figure 3.7A). Once again, a higher repeat density magnifies this deficit (p = 0.01 — 0.1),
resulting in the total gene loss of a population using long eDNA sequences (10% of total
genome size) to rapidly approach that of a population in the absence of LGT (Figure 3.7B).

These results help to explain why the distribution of recombination length in extant

prokaryotes is skewed towards shorter sequences (Croucher et al., 2012) and why gram-
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positive bacteria cleave eDNA sequences before recombination (Mell et al., 2014). As the
presence of repeats can undermine the stability of bacterial genomes, causing to deletions,
inversions, and whole-genome rearrangements (Siguier et al., 2014; Vandecraen et al.,
2017), prokaryotes typically display low numbers of transposable elements or gene families
(Lambowitz and Belfort, 2015; Puigho et al., 2014). Together with low repeat density, LGT of
short DNA sequences permits homologous recombination that repairs mutations whilst
greatly reducing the chances of deletion through ectopic recombination (Figure 3.7A). This
works well in small genomes but fails with large genomes infected with a high density of
repeats (Figure 3.7B).

The acquisition of new genes through duplications and endosymbiotic gene transfer
was a crucial step in the evolution of eukaryotic complexity. It also made the first
eukaryotes vulnerable to the accumulation of mutations caused by Muller’s ratchet,
because of the greater mutational target and decreasing benefits of LGT in large genomes
(Figure 3.6). The process of genomic expansion came at the price of a high repeat density,
which prevented the first eukaryotes from achieving stronger purifying selection through an
increase in LGT rates or recombination length. In order to support an expanded genome rich
in repeat sequences, the first eukaryotes had to abandon LGT for meiotic sex: the transition
to cell fusion and the requirement for homologous pairing across whole chromosomes was
the only way they could retain the benefits of recombination without losing genetic
information through LGT in the presence of repeats (Figure 3.7B). | simulate this homology
matching in the LGT model by adding a requirement for homology in the middle of the
eDNA as well as homology at the ends. This eliminates ectopic recombination, and mutation
accumulation then closely follows the case without repeats, showing an exponential decline

with LGT rate (Figure 3.5A). In contrast, with normal recombination based on end homology
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only, the exponential increase in the rate of deletional information loss (Figure 3.4A) leads
to a catastrophic loss of genetic information (Figure 3.7).

One of the main assumptions of the model is the existence of only one type of
repeat sequence at high density. This is, obviously, an approximation of a much more
complex scenario, with numerous repeats present at different densities. Frequent gene
duplications in early eukaryotes contributed to the increase in repeat density, and it is
estimated that the average copy number per gene in LECA was around 1.8 (Vosseberg et al.,
2021). In order to avoid unnecessary complexity, | only simulated the presence of one type
of repeat at high density and began every simulation with only a single copy of each other
gene. As a consequence, the number of repeat sequences introduced by gene duplication is
small compared with the initial number of repeats. Their impact on the total deletion rate is
negligible, and | did not explicitly evaluate their population dynamics. The results of this
model can be easily generalised to include the presence of multiple repeats at lower
density.

The main source of repeated sequences in prokaryotic genomes is the spread of
transposable elements (TEs) and other selfish genetic elements, which can promote their
own spread and reduce host’s fitness through gene function disruption or gene inactivation
(Touchon and Rocha, 2007; Wagner, 2006). As the focus of this study is on recombination
and genetic information loss, | did not explicitly model the fitness cost of a high repeat
density nor the advantage of a smaller genome. The only cost arising from a high repeat
density is that associated with weaker purifying selection and a higher rate of deletion.
Including the additional fitness penalty of high repeat density and large genome size is likely
to increase the costs associated with large genomes, strengthening the conclusions of this

study. In addition, the density of intron-derived sequences in ancestral eukaryotic genomes
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is estimated to be as high as 80%, making the choice of p = 0.1 used in most simulations a
conservative one (Koonin, 2009b).

I have not explicitly modelled crossing over, but assumed the recombination of a
single, long eDNA sequence. Having multiple points of recombination would likely reduce
selective interference and enhance the benefits of recombination. | will evaluate the
magnitude of this effect and other potential benefits of crossing over in future theoretical
studies.

In prokaryotes, TEs have a major impact on genome plasticity by increasing the rate
of gene duplication, deletions, insertions and whole-genome rearrangements (Siguier et al.,
2014; Vandecraen et al., 2017). They are generally found at low density despite their ability
to promote their own spread, suggesting presence of counter-veiling selective pressures
(Lambowitz and Belfort, 2015; Wagner, 2006). According to previous theoretical studies, the
impact of repeats is inversely proportional to the number of different repeated sequences,
and several repeats at low density are less impactful than a single repeat at very high
density (Owen, Lane and Pomiankowski; unpublished data). The relevance of these
dynamics should be evaluated more rigorously through further modelling studies.

As the model presented here focuses on the conservative benefits of LGT, | do not
explicitly model the possibility of beneficial recombination events, e.g., those which
contribute to the acquisition of novel genes. This is in part because the acquisition of eDNA
via transformation is, in most instances, tightly regulated and requires a high degree of
sequence homology (de Vries and Wackernagel, 2002; Frye et al., 2013; Hiilter and
Wackernagel, 2008; Mell et al., 2012). While LGT via plasmids is the main source of
acquisition of novel genes, transformation is mainly limited to sequences from more closely

related lineages. In the model, gene loading can occur through the acquisition of genes lost
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through deletion. However, in the presence of a high repeat density, this effect is negligible
and cannot stop the loss of genes because of deletions.

| assume that point mutations do not significantly affect the probability of
homologous recombination and used a simple assumption about homology requirements
for successful recombination, i.e., homology of the terminal gene sequence of eDNA. | also
adopted a simple function to determine where the trailing end of eDNA binds (see Eq(3.2))
which penalises extremely large deletions, in agreement with experimental data showing
they are rare (Croucher et al., 2012; Mell et al., 2014). To my knowledge, no data is available
on the distribution of recombination length as a function of repeats density, and |
deliberately ignored this complexity to avoid over complication of the modelling. Further
empirical investigations can contribute to an understanding of the generality and accuracy
of the assumptions made.

While the evolution of meiotic recombination prevented the accumulation of
mutations in nuclear genomes, the endosymbiont was subjected to extremely stringent
bottlenecks and limited scope for recombination. As discussed in Chapter 1, both theoretical
models (Haigh, 1978; Muller, 1964) and experimental evolution with different bacterial
species (Andersson and Hughes, 1996; Funchain et al., 2000; Tenaillon et al., 2016) indicate
that these conditions aggravate the severity of Muller’s ratchet. The integration of
mitochondrial genes into the host’s genome allowed the endosymbiont to undergo genome
streamlining (Khachane et al., 2007; Martin et al., 2015; Timmis et al., 2004) — a potential
way of escaping mutation accumulation by reducing genome size (Colnaghi et al., 2020). A
similar process of genome shrinkage can be observed in extant endosymbionts (Lépez-
Madrigal and Gil, 2017) and under experimental conditions (Nilsson et al., 2005). In extant

eukaryotes, the number of mitochondrial protein-coding genes is generally lower in taxa
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with higher mitochondrial mutation rates (Allio et al., 2017; Burger et al., 2003; Fauron et
al., 2004; Lavrov and Pett, 2016; Nabholz et al., 2009). Transfer of genes to the host allowed
the endosymbiont to minimise its genome-wide mutation rate, limiting the rate of fixation
of deleterious mutations (Colnaghi et al., 2020). These dynamics will be discussed in greater
detail in Chapter 5. In metazoans, subjected to higher mitochondrial rates than other
organisms, genome streamlining is not enough to prevent Muller’s ratchet (Loewe, 2006),
and other mechanisms of purifying selection have evolved to curtail the transmission of
deleterious mitochondrial mutations (Colnaghi et al., 2021), as | discuss in Chapter 4.

The transfer of endosymbiotic genes to the host’s genomes is thought to have also
led to the spread of group Il self-splicing introns, an additional source of genomic repeats
(Cavalier-Smith, 1991; Koonin, 2006; Martin and Koonin, 2006; Rogozin et al., 2012). In this
study, | have not explicitly modelled the spread of selfish genetic elements; instead, |
assumed that the frequency of repeated sequences can only increase through insertions
during LGT. This assumption is plainly conservative, as the presence of selfish genetic
elements would further promote the increase in repeated sequences density. This, in turn,
would make LGT even more detrimental, strengthening the selective pressure for the
evolution of meiotic sex.

The selective advantages provided by meiotic sex, however, do not automatically
ensure its evolution. The model developed here and in the previous chapter compares two
states (LGT and sexual reproduction), rather than addressing the more complex problem of
the transition from one to the other. In spite of the need to minimise ectopic recombination
end ensure purifying selection in large eukaryotic genomes, determining the selective
advantages of homolog pairing, the evolution of meiosis could have in principle been

difficult or even unlikely. Nevertheless, the following argument yields some theoretical
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support to the ideas presented in this chapter and the previous. In the presence of tight
linkage (as in populations subjected to Muller’s ratchet), modifiers that increase the rate of
recombination are predicted to spread, not only because of their benefits at the population
level, but also because they directly contribute to increasing the fitness of the offspring of
individuals carrying the modifier (Otto, 2021; Roze, 2014; lles et al., 2003). Early
eukaryogenesis was characterised by a sharp increase in the rate of mutation accumulation,
mainly due to genome size expansion (Chapter 2). In the presence of a high repeat density,
a high frequency of LGT is detrimental (Chapter 3), potentially favouring a decrease in
recombination rate. This would lead to even higher mutation loads through Muller’s
ratchet, tight genetic linkage, and strong selective interference: exactly the conditions under
which sexual recombination is predicted to spread and reach fixation in a population (Otto,
2021; Roze, 2014; lles et al., 2003). Obviously, the problem of the transition from LGT to sex
is complicated by a number of likely intermediate steps — cell fusion, ploidy cycles, mitosis.
In future publications, | will elucidate in greater details how each of these steps provides
some selective advantage in the presence of strong selective interference and evaluate

which conditions could have led to their evolution during eukaryogenesis.

6. Conclusion

Early eukaryotes evolved through a massive genome size expansion with a sharp rise in
repeated sequence density (Lambowitz and Belfort, 2015; Lane, 2020; Martin et al., 2015;
Vosseberg et al., 2021). Such genome size expansion cannot take place without a
concomitant increase in the severity of Muller’s ratchet, and an increase in recombination
frequency and length is necessary to prevent the mutational degradation of early eukaryotic

genomes (Colnaghi et al., 2020). But in the presence of repeats, increasing recombination
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length or LGT frequency is not a viable way of countering mutation accumulation. Higher
rates of LGT or longer eDNA length amplify the loss of genetic information caused by ectopic
recombination and curtail the capacity of LGT to prevent mutation accumulation. The
increase in recombination length and frequency must be coupled with the requirement for
homology throughout the whole eDNA sequence, as in meiotic recombination. The need for
increased purifying selection arising from genome expansion in early eukaryotes could not
be met by LGT, because of the concomitant increase in genomic repeats. This selective
pressure promoted the evolution of cell fusion and whole-chromosomes alignment followed
by homologous recombination (Goodenough and Heitman, 2014; Lane, 2011) — in other
words, meiotic sex. Meiotic sex allows recombination to take place over a considerable
fraction of each chromosome, promoting an increase in L of a magnitude that can prevent
the decay of eukaryotic genomes predicted by Muller’s ratchet. At the same time, the
transition to linear chromosomes and whole-chromosomes alignment minimises the risk of
ectopic recombination and the associated loss of genetic information. Crossing over also
combines aligning whole chromosomes with multiple points of recombination, with the
added benefit of maximising recombination length while reducing selective interference.
The origin of meiosis is tightly linked to the process of eukaryogenesis. Its evolution
was crucial for the survival and evolution of early eukaryotes, as it allowed them to maintain
an expanded and repeat-rich genome in the face of crippling mutation pressure. Without it,

complex life as we know it could have not survived its inception.
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Chapter 4 — The Need for High-Quality Oocyte Mitochondria at
Extreme Ploidy dictates Mammalian Germline Development?*

1. Summary

Selection against deleterious mitochondrial mutations is facilitated by germline processes,
lowering the risk of genetic diseases. How selection works is disputed: experimental data
are conflicting and previous modelling work has not clarified the issues. Here | develop
computational and evolutionary models that compare the outcome of selection at the level
of individuals, cells and mitochondria. Using realistic de novo mutation rates and germline
development parameters from mouse and humans, the evolutionary model predicts the
observed prevalence of mitochondrial mutations and diseases in human populations. | show
the importance of organelle-level selection, seen in the selective pooling of mitochondria
into the Balbiani body, in achieving high-quality mitochondria at extreme ploidy in mature
oocytes. Alternative mechanisms debated in the literature, bottlenecks and follicular
atresia, are unlikely to account for the clinical data, because neither process effectively
eliminates mitochondrial mutations under realistic conditions. These findings explain the
major features of female germline architecture, notably the longstanding paradox of over-
proliferation of primordial germ cells followed by massive loss. The near-universality of
these processes across animal taxa makes sense in light of the need to maintain
mitochondrial quality at extreme ploidy in mature oocytes, in the absence of sex and

recombination.

“A revised version of this chapter has been published as Colnaghi, M., Pomiankowski, A., and Lane, N. (2021).
The need for high-quality oocyte mitochondria at extreme ploidy dictates mammalian germline development.
Elife 10, e69344.
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2. Introduction

In mammals, mitochondrial gene sequences diverge at 10-30 times the mean rate of nuclear
genes (Allio et al., 2017; Lynch et al., 2006). This difference is typically ascribed to a faster
underlying mutation rate and limited scope for purifying selection on mitochondrial genes,
given uniparental inheritance, negligible recombination and high ploidy (Rand, 2001). At
face value, weak selection against mitochondrial mutations might seem to be consistent
with the high prevalence of mitochondrial mutations (~1 in 200) (Elliott et al., 2008) and
diseases (~1 in 5000 births) (Schaefer et al., 2008) in human populations. But it is not
consistent with the strong signal of purifying selection (Fonseca et al., 2008), evidence of
adaptive change (James et al., 2016) and codon bias (Yang and Nielsen, 2008) in
mitochondrial genes, nor with the low transmission rate of severe mitochondrial mutations
between generations (Fan et al., 2008; Hill et al., 2014; Stewart et al., 2008). Despite the
high rate of sequence divergence, female germline processes apparently facilitate selection
against mitochondrial mutations, but the mechanisms are disputed and poorly understood
(Burr et al., 2018).

Here | develop computational and evolutionary models that compare three
hypotheses of germline mitochondrial inheritance and selection: (i) selection at the
individual level, facilitated by mitochondrial bottlenecks; (ii) selection at the cell level
through follicular atresia, which weeds out primordial germ cells with high mutation load;
and (iii) selection at the organelle level through selective transfer of mitochondria into
oogonia during development. These modes of selection are not mutually exclusive nor the
only ones that operate (a full examination is provided in the Discussion). The objective here
is to clearly delineate the major forces involved and the effectiveness of each in controlling

mutation accumulation. This approach incorporates important factors neglected in earlier
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work, in particular the input of de novo mitochondrial mutations and their segregation over
multiple rounds of germ-cell division. This provides a realistic model of mutation,
segregation and selection allowing the three hypotheses to be tested against the observed
levels of mitochondrial mutation and fitness across a variety of species with an emphasis on
the detailed clinical reports in human populations (Elliott et al., 2008; Schaefer et al., 2008).

The idea that mitochondrial mutations are winnowed through a tight germline
bottleneck is pervasive in the literature and has long been held to explain sharp changes in
mutation load between generations (Floros et al., 2018; Johnston et al., 2015; Stewart and
Chinnery, 2015). The exact size of the bottleneck is unclear, with estimates from mouse
(Cao et al., 2009; Cree et al., 2008; Wai et al., 2008) and human studies (Floros et al., 2018;
Guo et al., 2013; Li et al., 2016; Rebolledo-Jaramillo et al., 2014) spanning two orders of
magnitude. Bottlenecks generate variance in mutation loads among the resulting germ cells,
and tighter bottlenecks produce greater variance, offering scope for selection against
mitochondrial mutations at the level of the individual (Bergstrom and Pritchard, 1998;
Hadjivasiliou et al., 2013; Roze et al., 2005). The problem with this line of thinking is that it
ignores two other forces. First, gametes are produced through multiple rounds of cell
division, leading to repeated rounds of mitochondrial segregation, which in itself generates
considerable variance (Radzvilavicius et al., 2017). Second, bottlenecks induce greater input
of de novo mutations as more rounds of mitochondrial replication are required to
regenerate the extreme ploidy of mitochondrial DNA in mature oocytes. By applying
realistic segregation dynamics and mutational input, | evaluate the impact of these forces
on the value of bottleneck size on individual fitness.

Follicular atresia is another force widely considered to be critical in maintaining

oocyte quality (Chu et al., 2014; Haig, 2016; Krakauer and Mira, 1999) . In humans
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(Albamonte et al., 2008; Kaipia and Hsueh, 1997), the number of germ cells declines
dramatically in the foetus between mid-gestation (~20 weeks in humans) when there are 7-
8 million oocytes, to late gestation when at least two thirds of these are lost, leaving a
reserve of 1-2 million at birth (Townson and Combelles, 2012). Oocyte loss continues
throughout the life of an individual, eventually leading to the depletion of the ovarian pool
and loss of reproductive function at menopause (Cummins, 2004; Galimov et al., 2014;
Suganuma et al., 1993). Similar loss of female germ cells before sexual maturity is evident in
mice and several other animal species (Morita and Tilly, 1999; Nezis et al., 2000; Rodrigues
et al., 2009; Saidapur, 1978). This attrition has historically been ascribed to cell death during
oocyte maturation (Perez et al., 2000; Tilly, 2001), but more recent findings implicate the
apoptotic loss of ‘nurse cells’ during the genesis of primary oocytes (Lei and Spradling,
2016). In either case, differential oocyte loss offers scope for between-cell selection.
However, the basis for between-cell selection has long been questioned, on the grounds
that it seems unlikely that 70—-80% of oocytes have low fitness as a result of mitochondrial
mutations (Perez et al., 2000). | therefore test whether selection against oocytes with higher
loads of mitochondrial mutations during follicular atresia is capable of giving rise to the
distribution of mutations observed.

A more recent interpretation of germ-cell loss links it to the formation of the Balbiani
body, a prominent feature of the humans (Hertig, 1968; Motta et al., 2000) and mouse (Kloc
et al., 2004; Lei and Spradling, 2016; Reunov et al., 2019; Tworzydlo et al., 2016) female
germline, as well as a range of other vertebrates and invertebrates, with a range of
terminology (e.g. fusome, mitochondrial cloud) (Heasman et al., 1984; Kloc et al., 2004;
Larkman, 1984; Lei and Spradling, 2016; Reunov et al., 2019; Tworzydlo et al., 2016). In the

mouse, proliferating germ cells typically form clusters of 5-8 cells that establish cytoplasmic
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bridges (Lei and Spradling, 2016; Pepling et al., 2007). It is thought that around half the
mitochondria from each nurse cell are streamed into the Balbiani body of the primary
oocyte, through an active cytoskeletal process that depends in part on the membrane
potential of discrete mitochondria (Bilinski et al., 2017; Zhou et al., 2010). This offers scope
for purifying selection through the preferential exclusion of dysfunctional mitochondria. The
remaining nurse cells, now denuded of half their mitochondria, undergo apoptosis (Lei and
Spradling, 2016). Selective transfer and pooling of mitochondria from interconnected cells
may occur in other vertebrate and invertebrate systems. | consider the consequence of
different strengths of selection at the level of mitochondrial function in the production of
the Balbiani body.

To systematically distinguish between the predictions of these three different
hypotheses, under a range of reasonable parameter values, | use a computational model to
evaluate the patterns of mutation load generated over a single generation in each case. |
then use an evolutionary model to generate equilibrium levels and compare the predictions
to the prevalence of mutations and disease from human studies. Our results show that
selection at the organelle level through the pooling of high-quality mitochondria into the
Balbiani body is a more potent force than germline bottlenecks and follicular atresia and
must play a key role in the maintenance of mitochondrial function in the face of pervasive
mutational pressure. This analysis also pleasingly clarifies the longstanding paradox of germ-
cell over-proliferation followed by massive loss which is a widely conserved feature of the

female germline in animal taxa.

3. Methods

3.1. Computational Model
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| use a computational model to follow the distribution of mitochondrial mutations in the
female germline over a single generation from zygote to a new set of mature oocytes, as set
out in the developmental history given in the main text (Figure 4.1A). The initial state of the
system is a zygote containing M, = 21° = 524,288 copies of mtDNA (Reynier et al., 2001),
of which m,, carry a deleterious mutation. Three specific models are considered: bottleneck,
follicular atresia and cytoplasmic transfer. A list of terms and parameter values is given in
Table 4.1, which also apply in the evolutionary model considered below.

During early embryonic development, there is no mtDNA replication. The number of
cells doubles at each time step. The existing population of mutant and wildtype mtDNA
undergoes random segregation into daughter cells according to a binomial distribution —
each mtDNA copy has a 50% probability of being assigned to either daughter cell. During
this process, the average number of mtDNA copies per cell halves at each time step. There is
no mutational input, as | only consider mutations that arise due to replication errors.

The early embryonic period lasts for the first 12 cell divisions. A group of 32 cells is
selected at random to form the primordial germ cells (PGC). The PGCs then undergo
proliferation for a further 18 rounds of cell division, until the maximum number of germ
cells is reached, N, = 32 X 218 = 8,388,608. This value is close to the average reported

in the literature (Albamonte et al., 2008).

Parameters and variables Symbols and values
Maximum number of germ cells N, = 8,388,608
mtDNA number in mature oocytes M, = 219 = 524,288
Minimum mtDNA ploidy B

98



Final number of germ cells Npax/8 = 1,048,576

Initial mutation load my

Mutation rate per bp per cell division U

Strength of epistatic interactions &

Transfer probability of mutant mtDNA Pmut

Transfer probability of wildtype mtDNA Pwe

Human mitochondrial genome size g = 16,569bp (Palca, 1990)
Table 4.1

Mitochondrial (i.e. mtDNA) replication resumes after cell division 12, at the point of
PGC determination. At this point, cells have an average of 128 mtDNA copies. At each
following time step, the number of mtDNA copies doubles prior to random segregation into
daughter cells. This means that the average number of mtDNA copies per cell is kept
constant. New mutations are introduced as errors in mitochondrial replication. During the
replication process, the new replica of each wildtype mtDNA copy has a probability of
mutation u/bp. The genome wide mutation rate U = g X u is calculated as genome size
(g = 16,569 bp (Palca, 1990)) multiplied by u. This estimate assumes each site contributes
equally to selective effects and ignores many subtleties relating to mutation probability and
within-cell maintenance processes, but should give a reasonable order of magnitude
estimate of the target size of mutational input per cell division. Given n wildtype and
m mutant mtDNAs, the number of new mutants Am resulting from replication errors is
obtained by sampling at random from a binomial distribution with n trials with probability

U. After replication and mutation and prior to segregation the total number of wildtype and

99



mutant mtDNAs is 2n — Am and 2m + 4Am respectively. Back mutation to wildtype is not
permitted.

At the end of PGC proliferation, the N,,,, oogonia undergo random cell death,
leaving N, 4,/8 = 1,048,576 primary oocytes. This is achieved by sampling the surviving
cells at random with uniform weights (i.e., every cell has an equal probability of survival).
The primary oocytes do not undergo further cell division or mitochondrial replication during
the quiescent period (this is not explicitly modelled). At puberty, oocyte maturation
commences. The number of mitochondria per cell is brought back to the original value M, =
219 through 12 rounds of replication without cell division. | assume that the number of
mtDNA copies doubles at each time step. This introduces new deleterious mutations, which
again are randomly drawn from a binomial distribution (as described above).

| consider three specific models in the main text with modifications to the base
model described above.

The first model adds a bottleneck stage at the time of PGC determination (Figure
4.2). As before, 32 cells are selected at cell division 12 to form the PGCs. These go through b
extra rounds of cell division without mtDNA replication. This reduces the mean number of
mtDNA copies per cell to B = 128 * (0.5)?. The mtDNA replication commences at cell
division 14. The PGCs then proliferate as before to produce oogonia that undergo random
cell death to produce primary oocytes. The primary oocytes have a reduced number of
mtDNA copies, and so must undergo 12 + b extra rounds of mtDNA replication in order to
regain the original value M, mitochondria in mature oocytes. Note that this is an extreme
model of the bottleneck, where mtDNA copy number is kept low throughout the period of
PGC proliferation, and so maximises the benefit derived from the increase in segregational

variation caused by the bottleneck.
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For the model of the bottleneck, | allow selection dependent on individual fitness in

relation to their mutation load m among mature oocytes, according to the fitness function

fm)=1- (%)5 (Figure 4.2C). The concave shape of this function accounts for the fact

that mitochondrial mutations typically have a detrimental effect on individual fitness only
for loads >60%. Changes to the power exponent make little qualitative difference to the
outcome of this model (data not shown).

A second model considers non-random death during the cull of oogonia as these
cells transition to being primary follicles (Figure 4.3). Selection in this case is applied at the

cell level. Cell fitness is expressed as f(m) = 1 — (%)5, where m is the number of mutant

mitochondria. The parameter ¢ determines the strength of epistatic interactions (Figure
4.3B). As in other models, the number of cells is reduced from N,,,, = 8,388,608 to
Npax/8 = 1,048,576. This is achieved by sampling without replacement the surviving cells
at random, with weights proportional to cell fitness (i.e., every cell has a probability of
survival proportional to its fitness).

The third model considers that the oogonia are organised in cysts of 8 cells each.
These are the descendants of a single cell (i.e. three cell divisions prior). One cell is randomly
designated as the primary oocyte using the MATLAB function randsample. The Balbiani body
of the primary oocyte contains a proportion f of the mtDNA copies of all cells in the cyst.
The mitochondria that join the Balbiani body are sampled at random without replacement
from each cell with different weights for wildtype (p,,:) and mutant (p,,...). After
mitochondrial transfer to the Balbiani body, nurse cells undergo apoptosis (i.e. all cells
except the one designated as the primary oocyte), reducing the total number of oocytes to

Nyax/8 = 1,048,576.
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3.2. Evolutionary Model
In order to calculate the equilibrium distribution of a population undergoing the
developmental dynamics mentioned in the previous section, | develop an analytical model
for the distribution of mitochondrial mutations in an infinite population, with non-
overlapping generations. As it was not possible to find an analytical solution, | solved the
equations through numerical iterations. The system converges to a unique equilibrium
state, independent of the initial conditions.

The state of the system is described by the vector p(t) = {p,(t), ...,pM(t)(t)},
where M (t) is the number of mtDNA copies per cell at time t. The elements p,,, (t) are the
frequency of mutation load m(t)/M(t) at time t. The evolution of the system is determined
by a set of transition matrices whose elements are the transition probabilities between
states. To avoid unnecessary complexity in the evolutionary model, | assume that
fluctuations in mitochondrial number per cell due to segregation are negligible (i.e. in
contrast to the computational model which allows binomial segregation at each division).
Therefore, the mtDNA number per cell is constant across the whole population of cells at
every time step. That is, during early embryonic development (when there is no mtDNA
replication), after t cell divisions, the total number of mitochondria per cell is M® =

27tM,. Then, during PGC proliferation, the total number of mitochondria per cell is
constant. Finally, during oocyte maturation, the number of mitochondria per cell exactly
doubles with each mtDNA replication cycle. To aid in calculations, | also set the initial
number of mtDNA copies to be proportional to the bottleneck size, i.e. My = 21% X B. As
the mtDNA number per cell halves at each cell division during early embryonic

development, setting M, this way allows the mtDNA number to remain an integer. This is
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important for the modelling procedure, because the dimension of the transition matrixes
(which is determined by the mtDNA number) must be an integer.

During early embryonic development, when mitochondrial replication is not active,
changes in frequency arise purely from the process of segregation. Let W® be a M® +
1 x M® 4 1 square matrix, whose elements W, represent the transition probabilities

from a state with m to a state with n mutants:
my (MED —m\ ,/MED
wh=(") / (4.1)
n M® —n M®

These matrix elements model the probability of transitioning from a state with m mutants
and M — m wildtype to a state with n mutants and M — n wild type via the segregation of
2M mitochondria into two daughter cells with M mitochondria each.

After t cell divisions, the average number of mutants per cell is m = 27'm,, and the
variance is Var(t) = i[Var(t — 1) + 27%my]. The state of the system is updated as g =
(M.W®) x 5O,

During PGC proliferation, new mutations are introduced at arate U = u X g. The
transition coefficient Q,,,, from a state with m to a state with n mutants results from the

combined effects of replication, mutation and segregation:

Qmn = Z (A:__D e = Uy (rﬁ) (3:2)/(21\1/114) (4.2)

k
M—-n
-, <k - n) U = 0" i

k
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The coefficient ay , = (1’:1)(3:7’:1)/(21\24) models the probability of transitioning from a state
with k mutants and M — k wildtype to a state with m mutants and M — m wild type via the
segregation of 2M mitochondria into two daughter cells with M mitochondria each; the
remaining part of the equation models the probability of reaching a state with k mutant
mitochondria through replication and mutation of M mitochondria, of which n are mutant
(this corresponds to the probability of introducing k — n new mutations). The system is
updated p® = Q9 x g™, across q rounds of PGC cell division. | then apply particular
processes to capture the effects of the bottleneck, follicular atresia and cytoplasmic
transfer.

As before, | model the bottleneck as b extra rounds of segregation before the onset
of mtDNA replication, following Eq(4.1) with g + b cell divisions. This has no effect on the
mean mutational number but increases mutational variance between the resulting PGCs.
The transition between oogonia and primary oocytes occurs at random, and so does not
alter the frequency distribution of mutants. Finally, during oocyte maturation, the mtDNA
content of each cell doubles at every time step until the initial ploidy M, is restored. The
transition matrix G,,,, is analogous to the first term of Eq(4.2), incorporating replication and
mutation, but without segregation (last term of Eq(4.2)):

M® —m
Gy = ( N ) U1 — U)Mk (4.3)
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Eq(4.3) models the probability of transitioning from a state with m to a state with n
mutants, which is equivalent to the probability that exactly n — m out of M® — m wildtype
acquire a deleterious mutation. As the bottleneck reduces mtDNA copy number per cell,
there is the need for b extra rounds of replication of mtDNA during oocyte maturation.
Hence, the transition coefficient G is applied b + 12 times in the bottleneck model, to
restore the number of mtDNA copies per oocytes to the original ploidy level M: ﬁ(3) =
(HtG(t)) x p@,

At the end of the maturation phase, for the bottleneck model, selection is applied on
individual fitness using a vector w whose elements w,, are equal to the corresponding

m

5
fitness:wy, = f(m) = 1 — (ﬁ) . This causes a change in the population mutation load as

the system is updated to:
p® = (w) p@/w" p@ (4.4)

where [ is the identity matrix.

In the model of follicular atresia, an extra step is included to reflect selection that operates
when the population of oogonia are culled to produce the primary oocytes. This causes a

change in the population mutation load analogous to that described in Eq(4.4), but using

3
the cell fitness function w,,, = f(m) = 1 — (g) instead. This determines the shift in

mutation loads that arises from fitness-dependent culling of oogonia. The transition
coefficient Eq(4.3) for oocyte maturation is then applied 12 times in the follicular atresia

model, to restore the original level of ploidy.
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Finally, in order to model cytoplasmic transfer, a different process is used in the
production of primary oocytes. A set of 8 clonally derived cells is selected. The mutation
levels of each cell in the cyst is obtained by applying Eq(4.3) three times. Then, 50% of the
mitochondria in each cell are pooled into the Balbiani body of the primary oocyte. The

probability for a cell with m mutants to contribute n mutants to the Balbiani body is given

by:

m M—-m -
Cmn:(n)p#zut(M/z _n>pxt/2 n/N (4.5)

which gives the number of permutations of n mutant and M /2 — n wildtype mtDNA copies,
weighted by the probability of transfer p,,,,,sand p; respectively, and divided by a
normalisation constant N. As the primary oocyte contains half of mitochondria from 8 cells,
it needs to undergo 2 fewer rounds of replication during oocyte maturation. Hence only 10
rounds of replication following Eq(4.3) are carried out in this case to restore the original
level of ploidy.

For all three models (bottleneck, follicular atresia and cytoplasmic transfer), the
frequency distribution of mutation loads after these steps is used as the starting point for
the next generation.

The processes described above are iterated until the Kullback-Leibler divergence (a
theoretical measure of how two probability distributions differ from each other (Kullback
and Leibler, 1951)) between the new and the old distribution is smaller than a threshold n =
107°.1then assume that the system has reached a stationary state, e.g. without significant
changes in the overall distribution of mutation loads between generations (mutation-

selection balance).
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Frequency Reference

Mitochondrial mutations a; =54 x1073 Elliott et al., 2008

Mitochondrial diseases a, =9.2x107° Schaefer at al., 2008

Table 4.2: Occurrence of mitochondrial diseases and mutations in the general population.

In order to compare the prediction of the model with the clinical data (Table 4.2), |
use the equilibrium distribution to calculate the fraction of the population which carries a
detectable load of mitochondrial mutations but does not manifest any detrimental
phenotype (@) and the fraction of individuals affected by mitochondrial disease (a,) using a
threshold of 60% mutation load to discriminate between carrier and disease status.
Individuals are assumed to be mutation free beyond the detection threshold of 2% (Elliott
etal., 2008).

The accuracy of the model is evaluated as the logarithm of the probability of
reproducing clinical data by sampling the theoretical distribution at random. This is
calculated as follows: let X; be the number of healthy individuals with detectable mutation
load, and X, be the number of individuals affected by mitochondrial diseases; N; and N, the
total number of individuals in the two trials; a; and a, the probability of observing,
respectively, a healthy individual with detectable mutation load and an individual affected
by mitochondrial disease, according to the prediction of the model. The log-likelihood of

observing X; and X, by random sampling the theoretical distribution is given by:
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log (A¢oe (W, M, ...) = log

np(Xilai(u, M, ))]

DX TR

= (4.6)

= Z log (}1\(,1> + Nilog (a;) + (N; — Xplog(1 — a;)

i=1

3.3. Estimation of the deleterious mutation rate

The parameter values for the deleterious mutation rate | investigate reflect data collected
from a number of species. Estimates of mtDNA point mutation rates in the crustacean
Daphnia pulex range between 1.37 X 10~7 and 2.28 x 1077 per site per generation (Xu et
al., 2012). Assuming this rate applies to humans and there are ~20 cell divisions before
oocyte maturation, leads to a range between 0.68 x 1078 and 1.14 x 1078 per site, per
cell division. Analysis of Caenorhabditis elegans mtDNA leads to a similar estimate of
~1.6 X 1077 per site, per generation (Denver et al., 2000), which corresponds to a rate of
0.8 x 1078 per site, per cell division. For Drosophila melanoganster, the mtDNA mutation
rate yields an estimate of 6.2 x 1078 per site, per generation, and hence ~0.31 x 1078
per site, per cell division (Haag-Liautard et al., 2008). Finally, analysis of human mtDNA point
mutation rates give a mutation rate of 0.0043 per genome per generation (Sigurdardottir et
al., 2000), corresponding to ~1.3 x 1078 mutations per site, per cell division.

These values do not take into account the presence of a number of processes likely
to remove mutants and is therefore a conservative estimate. The loss of mutations would

mean that the actual mutation rate is higher than the estimates above. But unlike nuclear
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rates, the compact structure of mtDNA where intergenic sequences are absent or limited to
a few bases, means that the rate of point mutations is probably not much higher than the
rate of deleterious mutations. Therefore, for this study | consider a broad interval of
possible deleterious mutation rates, labelled as low (10~°), standard (10~8) and high
(1077).

The model described above has been implemented using MATLAB. Random
sampling is achieved using the function ‘randsample’. All random processes described above
have been simulated using MATLAB's functions ‘rand’ and ‘random’. The code used for the
simulations can be found on GitHub (https://github.com/MarcoColnaghi1990/colnaghi-

pomiankowski-lane-elife-2021).

4. Results

4.1. Computational model
The computational model follows the distribution of mitochondrial mutations across a
single generation, using model parameters derived from human data (Albamonte et al.,
2008) (Figure 4.1). The zygote is assumed to have around half a million copies of
mitochondrial DNA (exact number 2*°), which are randomly partitioned to the daughter cells
at each cell division. The pattern of segregation is in agreement with recent evidence for
actin-mediated mixing of mitochondria within cells during mitosis leading to random
segregation (Moore et al., 2021). | assume independent segregation of mitochondria with
one mtDNA per mitochondrion, and do not consider complications that might arise from the
packaging of multiple mtDNA copies per mitochondrion (Floros et al., 2018). This

assumption is supported by evidence that mitochondrial networks fragment into multiple
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smaller structures at cell division (Park and Cho, 2012; Taguchi et al., 2007) that probably
contain only one or a few mtDNAs.

Mitochondrial replication is not active during early embryo development (Dumollard
et al., 2007), so the mean mitochondrial number per cell approximately halves with each
division (Figure 4.1B). In humans, after 12 cell divisions a random group of 32 cells form the
primordial germ cells (PGC) (Extavour and Akam, 2003), which in the model corresponds to
a mean of 128 mitochondria per PGC. Mitochondrial replication resumes at this point
(Albamonte et al., 2008; Dumollard et al., 2007). Each mtDNA doubles prior to cell division.
With probability u, one of the daughter mitochondria acquires a new deleterious mutation
through a copying error. | consider i in the range 10 to 108 to 10”7 per base pair per cell
division (designated low, standard and high respectively), consistent with the range of
estimates for the female germline, and assume no back mutations (see Methods). Point
mutations during replication are the dominant form of mutation in mtDNA, so | do not
consider damage from other sources such as oxidative damage (Stewart and Larsson, 2014).
Mitotic proliferation of PGCs gives rise to ~8 million oogonia, which are reduced to ~1
million primary oocytes during late gestation (Figure 4.1B) (Albamonte et al., 2008;
Dumollard et al., 2007). Proliferation is followed by a quiescent phase during which the
mitochondria in primary oocytes are not actively replicated. Mutations accumulate far more
slowly during this phase, which persists over decades in humans (Allen and de Paula, 2013;
Dumollard et al., 2007). For simplicity, | assume no mutational input during this period (not
marked in Figure 4.1B). At puberty, the primary oocytes mature through clonal amplification
of mitochondria back to the extreme ploidy in mature oocytes (~500,000 copies; Figure
4.1B) (Radzvilavicius et al., 2016). The same copying error mutation rate u is applied during

this process.
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Figure 4.1. Stages in female germline development. (A) Timeline of human oocyte development
showing the main stages modelled, with wildtype (blue) and mutant mitochondria (orange). (B)
Numerical simulation of the base model. Top panel: number of germ cells from specification of the
32 primordial germ cells (PGCs) after 12 cell divisions; proliferation to form 8 million oogonia;
random cell death reducing to 1 million primary oocytes; quiescent period (not shown) and finally
oocyte maturation at puberty. Middle panel: copy number of mitochondria (i.e. mtDNA); from
zygote with ~500,000 copies, which are partitioned at cell division during early embryo development
until replication begins (first vertical line) during PGC proliferation; copy number is amplified during
oocyte maturation back to ~500,000 copies; dotted line shows the mean mitochondria copy number,
with the distribution across oocytes shown in yellow. Note, skew reflects the log-scale. Bottom
panel: mean (dotted line) and distribution of mutation load through development. The yellow

shaded area shows the 90% quantile. Other parameter values u = 1078, my = 0.1.

| consider three different forms of selection on mitochondria: selection at the level

of individuals, cells, or mitochondria. | apply selection at the level of individuals on the
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zygotic mutation load. Selection at the level of cells or mitochondria is applied during culling
at late gestation when primary oocytes are produced. Each of these processes can be
captured by modifications of the computational model, allowing easy comparison between
them. In order to distinguish between different levels of selection, the model extends earlier
work that considered segregational variation of a fixed burden of existing mutations
(Bergstrom and Pritchard, 1998; Hadjivasiliou et al., 2013; Johnston et al., 2015; Roze et al.,
2005) but neglected the input of new mutations during PGC proliferation and oocyte
maturation, as well as the loss of germ cells during late gestation. The analysis here shows
the importance of considering these additional processes governing the population of
mitochondria in germline development.

The effect of a bottleneck was assessed in the model by allowing b extra rounds of
cell division without mitochondrial replication during early embryonic development (e.g.,
two extra rounds shown in Figure 4.2A). Each additional cell division leads to an average
reduction of (0.5)? mitochondria in PGCs compared to the base model. For simplicity | then
hold mitochondrial numbers at this lower value through the period of PGC proliferation.
This assumption gives greater impact to the bottleneck and is consistent with some views
(Cao et al., 2009). Tighter bottlenecks at this early developmental stage generate greater
segregational variance in mutation load between cells (Figure 4.2B). This increase in
variance persists and is enhanced through PGC proliferation to the production of primary
oocytes and ultimately in mature oocytes (Figure 4.2B). The bottleneck not only creates a
wider spread of mutation number per cell, but also the possibility that cells can be mutation
free even when initiated from a zygote that contains significant numbers of mutations
(Figure 4.2B). Bottlenecks in themselves do not change the mean mutation load, as they

occur before the start of mitochondrial replication (i.e. at PGC specification; Figure 4.2B)
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(Dumollard et al., 2007). But oocyte maturation requires the expansion of mitochondrial
number back to half a million. Cells starting with lower numbers must therefore undergo
more rounds of mitochondrial replication, and hence will accumulate more de novo
mutations. So, the mean mitochondrial mutation load in mature oocytes increases with
tighter bottleneck size, albeit this effect is small with standard mutation rates (1 = 107%;
Figure 4.2B). Nonetheless, the tension between variance and mean determines the overall
selective consequence of the bottleneck.

The advantage that the bottleneck brings depends on how selection acts against the
mutation load carried by an individual. Based on the observed dependence of mitochondrial
diseases on mutation load (Kopinski et al., 2019; Rossignol et al., 2003; Wallace and Chalkia,
2013), in which more serious phenotypes typically manifest only at high mutation loads of
>60 % (Kopinski et al., 2019; Rossignol et al., 2003; Wallace and Chalkia, 2013), it is thought
that individual fitness is defined by a concave fitness function, indicative of negative
epistasis (Figure 4.2C). This assumes that each additional mitochondrial mutation causes a
greater reduction in fitness beyond that expected from independent effects. In other words,
low mutation loads have a relatively trivial fitness effect, whereas higher mutation loads
produce a steeper decline in fitness.

The change in mutation load (4m) over a single generation after individual selection
was measured against 5 mean bottleneck sizes (B = 128, 64,32, 16, 8), for three initial
mutation loads (m,) and three mutation rates (). The bottleneck shows an ambiguous
relationship with fitness, dependent on the inherited mutation load (m,). For the standard
mutation rate (u = 1078) there is always an increase in mutation load in individuals who
inherit low or medium mutation loads (m, = 0.001, 0.01; Figure 4.2D). This increase in load

(Am > 0) becomes more deleterious with a tighter bottleneck (Figure 4.2D). The bottleneck
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only confers a benefit (Am < 0) among individuals who inherit a high mutation load (m, =
0.1; Figure 4.2D), where the advantage of greater variance outweighs the increase in de
novo mutation load. If the mutation rate is lower (u = 107°), bottlenecks have little effect
except when severe, where they again cause an increase in mutation number in individuals
with low or medium mutation loads (my = 0.001, 0.01; Figure 4.S1A). In individuals with
high mutation load (m, = 0.1) only tighter bottlenecks (B = 16, 8) are beneficial (Figure
4.S1A). If the mutation rate is higher (u = 10~7) the pattern is more extreme, with the
accumulation of de novo mutations except in individuals with high inherited mutation loads

(my = 0.1) at the tightest bottleneck size (B = 8) (Figure 4.51B).

In sum: even though bottlenecks generate greater variance, they impose the need for
additional rounds of mitochondrial replication during oocyte maturation, resulting in greater
de novo mutational input. This makes tight bottlenecks advantageous only for rare
individuals who inherit high mutation loads, but not for the great majority of the population
where the prevalence of mitochondrial mutations is below the limits of detectability,

between 0.001 and 0.01 (Elliott et al., 2008; Floros et al., 2018).
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Figure 4.2. Model of germline bottleneck and individual selection. (A) A bottleneck with two extra
rounds of cell division without replication (cell division 13 and 14; after the first vertical line),
reducing mitochondria copy number per PGC (by a quarter on average). Two extra rounds of
mitochondrial replication are required to regenerate the copy number in mature oocytes. Compared
to the base model (Figure 4.1), mean mutation load (dotted line, bottom panel) is slightly higher and

variation in load is substantially greater (yellow shaded area, 90% quantile). Parameter values u =
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1078, my = 0.1. (B) Violin plots of the distribution of mutations (mean + SD shown in red) at two
developmental stages, PGC specification and mature oocytes, given 5 mean bottleneck sizes (B)
when my = 0.1. (C) Strength of selection on individual fitness, with a concave fitness function based
on clinical data from mitochondrial diseases. (D) Change in mutation load (4Am) across a single
generation for three initial mutation loads (m,), given 5 mean bottleneck sizes (B), showing the
median (red line) and distribution (box plot IQR with min/max whiskers and outliers) over 10

independent simulations.

In the analysis of bottlenecks above, the culling of ~8 million oogonia to ~1 million primary
oocytes at the end of PGC proliferation was assumed to be a random process (Figure 4.2A).
This loss has a minimal effect on the mean and variance of mitochondrial mutations in germ
cells, given the large numbers involved (and no effect at all when averaged over a
population). However, the loss of ~80% of oocytes via follicular atresia during late gestation
has long been puzzling and could arguably reflect selection against cells with higher
mutation loads.

To analyse follicular atresia, cell-level selection was applied to oogonia at the end of
PGC proliferation (Figure 4.3A). PGCs vary in mutation frequency due to both the random
segregation of mutants during the multiple cell divisions of proliferation and the chance
input of new mutations during mtDNA replication. In principle, | assume that between-cell
selection is governed by a negative epistatic fitness function (Figure 4.3B) similar to that
thought to apply at the individual level, and vary selection from linear (¢ = 1), weak (¢ = 2)
to strong epistasis (¢ = 5). Positive epistasis (¢ < 1), whereby a single point mutation
produces a steep loss of fitness, but additional mutations have less impact (i.e. mutations
are less deleterious in combination), seems biologically improbable, so | do not consider it

here.
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The effect of cell selection during follicular atresia was calculated as the change in
mutation frequency for individuals carrying different mutation loads (m,) over a single
generation, given standard values for de novo mutations (1 = 10~8) and bottleneck size
(B = 128). Under strong negative epistasis (¢ = 5), only the few cells with very high
mutation loads (generated by segregation) are eliminated. Cell-level selection does not
reduce mutation load, even for individuals with a high initial frequency of mutations (m, =
0.1; Figure 4.3C). Cell-level selection is more effective with weak epistasis (¢ = 2) or linear
selection (¢ = 1) as this makes cells with lower mutation loads more ‘visible’ to selection,
and has a greater benefit in individuals carrying higher initial mutation loads (Figure 4.3C).
However, in individuals who inherit low or medium mutation load (m, = 0.001, 0.01) cell
selection offers a minimal constraint against mutation input. The only case in which cell
selection produces a benefit is with high mutation load (m, = 0.1) under linear selection
(¢ = 1) (Figure 4.3C). This pattern holds for a lower mutation rate (u = 10~7; Figure 4.S2A),

while there is no benefit at all at a higher mutation rate (1 = 10~7; Figure 4.52B).
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Figure 4.3. Model of follicular atresia and cell selection. (A) After PGC proliferation, follicular atresia

occurs through selective apoptosis of oogonia. (B) Cell fitness is assumed to be linear (§ = 1) or

follow negative epistasis (6 = 2,5) in which mutations are more deleterious in combination. (C)

Change in mutation load, Am, across a single generation after cell selection, at an intermediate

mutation rate (u = 1078), for individuals with low (m, = 0.001), medium (m, = 0.01) and high

(mgy = 0.1) initial mutation loads, for variable levels of epistasis (median (red line) and distribution

(box plot IQR with min/max whiskers and outliers)) over 10 independent simulations.

An alternative interpretation of atresia in late gestation lies in the formation of the Balbiani

Body. | model the developmental process giving rise to the Balbiani body by assuming that

cysts of 8 oogonia form at the end of PGC proliferation (Figure 4.4A). In the model, cells
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within a cyst are derived from a common ancestor (i.e. via 3 consecutive cell divisions). At
the 8-cell stage, intercellular bridges form between the oogonia. These allow cytoplasmic
transfer of a proportion of mitochondria (f) from each cell to join the Balbiani body of the
single cell destined to become the primary oocyte (Figure 4.4A). The mitochondria that
undergo cytoplasmic transfer are sampled at random (without replacement), with different
weights for wildtype (p,,+) and mutant (p,,,¢) mitochondria, until a fraction f of them have
moved to the Balbiani body. The oogonia that donate their cytoplasm to the primary oocyte
are now defined as nurse cells, and undergo programmed cell death — atresia (Figure 4.4A).
The model shows that two benefits accrue from cytoplasmic transfer. The first
benefit of mitochondrial transfer into the Balbiani body is that pooling increases the number
of mitochondria in primary oocytes. As the proportion of mitochondria transferred increases
towards the estimated rate of f = 50% (Lei and Spradling, 2016), the number of
mitochondria in primary oocytes increases 4-fold. Pooling therefore cuts the number of
rounds of replication needed to reach the extreme ploidy required by mature oocytes,
which decreases the input of new mutations from replication errors during oocyte
maturation. This benefit accrues whatever the initial mutation load, and more dramatically

with a higher mutation rate (Figure 4.S3).
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mtDNA from 8 germline cyst cells into a single primary oocyte causes a large increase in the
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bottom panel) and distribution of mutation load (yellow shaded area shows the 90%
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guantile, bottom panel), which persists during oocyte maturation. Pooling of mtDNA
requires two fewer rounds of mtDNA replication to regenerate copy number in mature
oocytes. Parameter values u = 1078, m, = 0.1. (C) Change in mutation load (4m) across a
single generation (median (red line) and distribution (box plot IQR with min/max whiskers
and outliers)) over 10 independent simulations, for individuals with low (m, = 0.001),
medium (my = 0.01) and high (m, = 0.1) initial mutation loads, with variable strengths of

selective transfer (p,,,;). Parameter value u = 1078.

The second benefit arises from selective transfer of mitochondria. Preferential
exclusion of mutant mitochondria (p,: > Pmue), s suggested by experimental evidence
(Bilinski et al., 2017; Chen et al., 2020; Lei and Spradling, 2016), lowers the mutation load in
primordial oocytes (Figure 4.4B). The difference between p,,; and p,,,,,+ determines the
extent to which the mutation load is reduced, with stronger exclusion of mutant
mitochondria (lower p,,,+) reducing the number of mutations when the inherited load is
medium or high (my = 0.01, 0.1), albeit with a negligible effect at low initial mutation load
(mgy = 0.001; Figure 4.4C). The same effect is seen with lower and higher mutation rates
(Figure 4.54). Nurse cells retain a higher fraction of mutant mitochondria but undergo
apoptosis, removing mutants from the pool of germ cells, and explaining the need for an
extreme loss of germ cells during late gestation. This effect acts in concert with pooling
leading to a reduction in both the mean and variance of mitochondria mutation load in the

cells destined to develop into mature oocytes. (Figure 4.4B).

4.2. Evolutionary model
The computational model discussed above gives an indication of the effectiveness of
selection at the level of individuals, cells or mitochondria in eliminating mitochondrial

mutations across a single generation. To address the long-term balance of mutation
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accumulation versus selection over many generations, | developed an evolutionary model.
This assesses the effectiveness of the three representations of germline development in
explaining the observed prevalence of mitochondrial mutation load and disease in human
populations (see Methods). This mathematical model evaluates long-term evolutionary
change in an infinite population with non-overlapping generations and is implemented using
a number of approximations, which greatly reduce the model complexity (see Methods).
By iterating the patterns of germline inheritance and selection, the equilibrium
mutation distribution was calculated across a range of mutation rates and bottleneck sizes.
The accuracy of the three models was then assessed as the likelihood of reproducing the
observed levels of mitochondrial mutations in the human population (Figure 4.5).
Specifically, | used estimated values of approximately 1/5000 for mitochondrial disease
(>60% mutant), 1/200 for carriers of mitochondrial mutants (2-60% mutant) and hence
99.5% of individuals are ‘mutation free’ (i.e. carry <2% mutants, the threshold for detection
in these estimates of mutation frequency) (Elliott et al., 2008; Schaefer et al., 2008). Recent
deep-sequencing estimates using a mutation detection threshold of >1% (Floros et al.,
2018), show that a minor allele frequency of 1-2% is relatively common in selected human
PGCs, but this does not alter earlier population-level estimates of the proportion of carriers
not suffering from overt mitochondrial disease, defined as a 2-60% mutation load used
here. A high likelihood indicates good agreement between model predictions and clinical
data. The broader the parameter range that produces good agreement between data and
model predictions, the larger the overall yellow/orange area in Figure 4.5. This area is
indicative of the likelihood that a given level of selection (between-individual, between-cell,
and organelle-level) might play a prominent role in determining the level of transmission of

mitochondrial mutations observed in human populations.
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Likelihood heatmaps confirm that selection at the level of individuals or cells alone
do not readily approximate the clinical data whatever the bottleneck size (Figure 4.5A-B).
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Figure 4.5. Heatmaps showing log-likelihood of reproducing the observed mutation load and
disease frequency in humans, for equilibrium conditions under the evolutionary model with
(A) bottleneck and selection on individuals, (B) follicular atresia and selection on cells (¢ =
5), (C) cytoplasmic transfer with intermediate (p,,,: = 0.33, py: = 0.67) or (D) strong
(Pmut = 0.25, py,+ = 0.75) selective transfer of wildtype mitochondria. Yellow depicts high
likelihood, indicating that the model is in good agreement with clinical data; blue indicates a
poor agreement between the model and clinical data. All models are shown for variable
bottleneck size (the minimum mitochondria population size at which replication
commences) and variable mutation rates. The overall yellow/orange area is proportional to
the width of the parameter range that leads to good agreement between clinical data and

simulations.
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Only at a mutation rate < 5 X 1072 do these forms of selection explain the observed
mutation load and disease frequency in humans at high likelihood, especially when using
tighter bottlenecks (Figure 4.5A). These limitations do not apply to the preferential transfer
of wildtype mitochondria into the Balbiani body (Figure 4.5C-D). Even intermediate levels of
selection against the transfer of mutant mitochondria into the Balbiani body (p,,,; = 0.33,
pwt = 0.67) generates a high log-likelihood of reproducing the clinical data at the standard
mutation rates (u = 1078) and bottleneck sizes (> 100 mitochondria per cell) (Figure 4.3C).
Stronger selection on transfer probabilities (p,;+ = 0.25, py,: = 0.75) can account for the

clinical pattern under a wide range of bottleneck sizes and mutation rates (Figure 4.5D).

5. Discussion

How selection operates on mitochondria has long been controversial. At the heart of this
problem is the paradox that mtDNA accumulates mutations faster than nuclear genes, yet
there is evidence that mtDNA is under strong purifying selection. Mitochondrial mutations
accumulate through Muller’s ratchet, as mtDNA is exclusively maternally inherited, and
does not undergo recombination through meiosis (Rand, 2001). In addition, mitochondrial
genes are highly polyploid, which obscures the relationship between genotype and
phenotype, hindering the effectiveness of selection on individuals. Despite these
constraints, deleterious mitochondrial mutations seem to be eliminated effectively (Fan et
al., 2008; Fonseca et al., 2008; Hill et al., 2014; James et al., 2016; Stewart et al., 2008; Yang
and Nielsen, 2008), facilitated by female germline processes that have long been
mysterious. These include: the excess proliferation of primordial germ cells (PGCs) (Pepling,

2006); the germline mitochondrial bottleneck (when mitochondrial numbers are reduced to
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a disputed minimum in PGCs) (Floros et al., 2018; Johnston et al., 2015; Stewart and
Chinnery, 2015); the formation of the Balbiani body in primary oocytes (Bilinski et al., 2017;
Lei and Spradling, 2016); the atretic loss of 70-80% of germ cells during late gestation (Tilly,
2001; Townson and Combelles, 2012); the extended oocyte quiescence until puberty or
later (during which time mitochondrial activity and replication is suppressed) (Allen and de
Paula, 2013; de Paula et al., 2013); and the generation of around half a million copies of
mtDNA in mature oocytes (Radzvilavicius et al., 2016). The key question is how do these
processes facilitate the maintenance of mitochondrial quality over generations?

In this study, | introduced a computational model that considers these germline
processes from the perspective of mitochondrial proliferation, segregation and selection,
using realistic estimates of parameter values, drawn from the human literature (Albamonte
et al., 2008; Dumollard et al., 2007). Most work to date (Cao et al., 2009; Cree et al., 2008;
Johnston et al., 2015; Stewart and Chinnery, 2015; Wai et al., 2008) has focused on the
mitochondrial bottleneck as a means of generating variation in mitochondrial content
between oocytes and by extension zygotes (Figure 4.2B), providing the opportunity for
selection to act on individuals in the following generation. These studies have been unable
to reconcile serious differences in experimental estimates of mitochondrial numbers during
PGC proliferation, inciting inconclusive debates over the tightness of the bottleneck (Cao et
al., 2009; Cree et al., 2008; Johnston et al., 2015; Stewart and Chinnery, 2015; Wai et al.,
2008). More significantly, this earlier work neglects an important germline feature, the
introduction of de novo mitochondrial mutations produced by copying errors (Arbeithuber
et al., 2020) rather than damage by reactive oxygen species (Stewart and Larsson, 2014;
Trifunovic et al., 2005). These accumulate during PGC proliferation and, equally importantly,

during the mass-production of mtDNAs in the mature oocyte. Tighter bottlenecks are
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disadvantageous as they impose the need for more rounds of mitochondrial replication
which means a greater input of de novo mutations. Our modelling shows that for most
individuals the mean mutation load shows little meaningful change (Figure 4.2D), regardless
of whether the mutation rate is set low or high (Figure 4.51), and in fact increases with
tighter bottleneck size (Figure 4.2D). Most individuals have low mutation loads (~99.5% in
human populations (Elliott et al., 2008; Schaefer et al., 2008)), and for them, the normal
process of repeated segregation during cell division generates sufficient variance in itself.
Any marginal increase in variance caused by bottlenecks is more than offset by increased
mutational input. Tighter bottlenecks only benefit individuals who already carry high
mutation loads (i.e. my = 0.1, Figure 4.2D). For them, there is benefit in further reductions
in bottleneck size as this increases the fraction of mature oocytes with significantly reduced
mutation load (Figure 4.2D). In the modelling, | assumed that the bottleneck size was
maintained across the period of PGC proliferation. Some studies have found that from a low
number in early development, copy number increases 5-10 fold to production of the
oogonia (Cree et al., 2008; Wai et al., 2008). This would lessen the effect of the bottleneck
in general as it would have less effect on segregation.

These results show that the popular idea that a germline mitochondrial bottleneck
facilitates selection against mitochondrial mutations is misconstrued. The value of a
bottleneck depends on the unforeseen trade-off between increasing genetic variance and
mutation input. In fact, the reduction in mitochondrial copy numbers from zygote to
primordial germ cells should be thought of as the reestablishment of a typical copy number
at the start of cellular differentiation, which commences after multiple cell divisions without
mtDNA replication. What counts as a bottleneck are the ‘extra’ rounds of cell division

reducing mitochondrial number below the ‘normal’ number, and the incremental increase
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in variance this induces. Most critically, the bottleneck needs to be understood in relation to
oogamy, the massively exaggerated mitochondrial content of the female gamete. This is a
characteristic of metazoan gametogenesis (Radzvilavicius et al., 2016). Previous work has
shown it is beneficial in animals with mutually interdependent organ systems (Radzvilavicius
et al., 2016). The extreme ploidy in the zygote allows early rounds of cell division to occur
without mitochondrial replication, and hence without de novo mutational input. These
initial cell divisions generate little between-cell differences, as segregational variance is
weak when numbers are high and mitochondria segregate randomly during mitosis (Moore
etal., 2021) (e.g. Fig 1B before PGC specification). So at the point of cellular differentiation
(~12 cell divisions) there is homogeneity in the mutation load among the different organ
systems and no one system is likely to fail, which would massively lower the fitness of the
whole organism (Radzvilavicius et al., 2016). This contrasts with organisms that have
modular growth, such as plants and morphologically simple metazoa (sponges, corals,
placozoa), which neither sequester a recognizable germline early in development (although
recent work challenges this view (Lanfear, 2018)), nor have oocytes with massively
expanded mitochondrial numbers (Radzvilavicius et al., 2016).

Follicular atresia is another female germline feature examined in the model, in which
there is over-proliferation of PGCs followed by ~80% loss early in development, before
oocyte maturation (Tilly, 2001; Townson and Combelles, 2012). This massive reduction in
germ cell number has long been enigmatic. It is unlikely to be random, yet does not
obviously serve a selective function, as it seems unlikely that such a high proportion of germ
cells could have low fitness (Chu et al., 2014; Haig, 2016; Krakauer and Mira, 1999). The
model confirms this intuition. Selection among PGCs at the end of the period of

proliferation has little effect in significantly reducing mutation load (Figure 4.3C). Assuming
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a concave fitness function (Figure 4.3B), which seems reasonable by extension from the
severity of mitochondrial diseases (Rossignol et al., 2003; Wallace and Chalkia, 2013),
between-cell selection is ineffective, as it only eliminates PGCs with very high mutation
loads. This has little effect in constraining the build-up of mutations in less loaded cells.
Linear selection does better, even if it seems unrealistic, as it will act against a broader
range of mutational states. But as with bottlenecks, it is only beneficial in individuals already
carrying significant mutation loads (i.e. my = 0.1, Figure 4.3C). These results show that cell-
level selection produces little measurable reduction in mutation load and so is unlikely to be
the main mechanism behind follicular atresia.

A more recent explanation of PGC loss relates to the formation of the Balbiani body
in primary oocytes (Kloc et al., 2004; Lei and Spradling, 2016). In many metazoa, including
clams (Reunov et al., 2019), insects (Cox and Spradling, 2003; Tworzydlo et al., 2016), mice
(Pepling et al., 2007) and probably humans (Kloc et al., 2004), the over-proliferation of PGCs
culminates in their organization into germline cysts of multiple oogonia connected by
cytoplasmic bridges (Cox and Spradling, 2003; Lei and Spradling, 2016; Pepling et al., 2007).
These connections allow the transfer of mitochondria and other cytoplasmic constituents by
active attachment to microtubules, into what becomes the primary oocyte (Lei and
Spradling, 2016). The surrounding oogonia that transferred their mitochondria, now termed
nurse cells, die by apoptosis (Lei and Spradling, 2016). The plethora of terms should not
mask the key point that nurse cell death accounts for a considerable fraction of the germ
cell loss usually ascribed to follicular atresia. | modelled selective mitochondrial transfer into
the Balbiani body, perhaps in part reflecting membrane potential (Bilinski et al., 2017;
Tworzydlo et al., 2016). This achieves two complementary benefits: it purges mutations and

pools high-quality mitochondria in a single cell. If the germline cyst is composed of eight
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cells that contribute half of their mitochondria to the Balbiani body, then the primary
oocyte gains four times as many mitochondria which have passed through quality control.
This also cuts the need for additional rounds of mtDNA copying, and so reducing the input
of de novo mutations. Selective transfer and pooling lowers the mutation load across a wide
range of mutation rates and inherited loads (Figure 4.4C, Figure 4.53-4). This process differs
from mitophagy, the main route used in somatic cells for maintaining mitochondrial quality
(Kim et al., 2007; Twig et al., 2008), as it not only removes mutant mitochondria, but
crucially also increases mitochondrial numbers, a key requirement for prospective gametes.
The requirement for pooling of mitochondria to lower the mutation load from copying
errors also aligns with experimental observations of active spindle-associated mitochondrial
migration to the generative oocyte in the formation of polar bodies during meiosis | of
oogenesis (Dalton and Carroll, 2013). | predict that selection for mitochondrial quality
occurs during this process (i.e. polar bodies retain mutant mitochondria) but have not dealt
with that explicitly in the model.

These insights depend in part on the parameter values used in the modelling, many
of which are uncertain. | have examined variation around the most representative values
drawn from the literature (Allio et al., 2017; Floros et al., 2018; Sigurdardottir et al., 2000;
Stewart and Chinnery, 2015), and aimed to be conservative wherever possible. | considered
mutation rates across two orders of magnitude, around 108 per bp as the standard
(Sigurdardottir et al., 2000) and a similar range of bottleneck sizes (B = 8 — 128). Strong
selective pooling of mitochondria into the Balbiani body predicts the observed prevalence of
mitochondrial mutations and diseases in human populations (Elliott et al., 2008; Schaefer et
al., 2008) under a wide range of mutation rates and bottleneck sizes (Figure 4.5). Selection

at the level of individuals or cells are much more constrained explanations, although the
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model does not rule out some role for these processes (Figure 4.5). In general, higher
mutation rates (10”7 per base pair) strengthen the conclusions discussed here (Figures S1-
S4) whereas the lowest mutation rates are more commensurate with weaker forms of
evolutionary constraint generated by selection on individuals or cells. Plainly, weaker
selection approximates best to clinical data when the mutation input tends towards zero
(Figure 4.5). However, such low mutation rates are not consistent with the 10-30-fold faster
evolution rates of mtDNA compared with nuclear genes (Allio et al., 2017; Lynch et al.,
2006), or with the strong signatures of purifying (Fonseca et al., 2008) and adaptive (James
et al., 2016) selection on mitochondrial genes. In the modelling, | ignored the contribution
of oxidative damage caused by reactive oxygen species. While this source of mutation is
likely low compared with copying errors (Arbeithuber et al., 2020; Stewart and Larsson,
2014), oxidative mutations may accumulate over female reproductive lifespans (Trifunovic
et al., 2005), perhaps contributing to the timing of the menopause (Shoubridge and Wai,
2007). As primary oocytes contain ~6000 mitochondria (Shoubridge and Wai, 2007),
expansion up to ~500,000 copies in the mature oocyte will amplify any mutations acquired
during oocyte arrest at prophase |, potentially over decades (Arbeithuber et al., 2020). The
metabolic quiescence of oocytes can best be understood in light of the need to repress
mitochondrial mutation accumulation during the extended period before reproduction
(Allen and de Paula, 2013; de Paula et al., 2013).

In this chapter, | have addressed a simple paradox at the heart of mitochondrial
inheritance. Like Gibbon’s Decline and Fall of the Roman Empire, mitochondrial DNA is often
portrayed as being in continuous and implacable decline through Muller’s ratchet (Rand,
2001); yet like the Empire, which endured for another millennium, mitochondrial DNA has

persisted and has been at the heart of eukaryotic cell function for over a billion years (Lane,
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2005). Strong evidence for purifying and adaptive selection implies that the female germline
facilitates selection for mitochondrial quality, but the mechanisms have remained elusive. |
have modelled segregation and selection of mitochondrial DNA at each stage of germline
development, and shown that direct selection for mitochondrial function during transfer
into the Balbiani body is the most likely explanation of the observed prevalence of
mitochondrial mutations and diseases in human populations. More remarkably, this
mitochondria-centric model elucidates the complexities of the female germline. It explains
why mature oocytes are crammed with mitochondria (Radzvilavicius et al., 2016), whereas
sperm mitochondria are typically destroyed, giving rise to two sexes (Radzvilavicius et al.,
2017); why germ cells over-proliferate during early germline development; why oogonia
organize themselves into germline cysts, forming the Balbiani body; why the majority of
germ cells then perish by apoptosis as nurse cells; why primary oocytes enter metabolic
guiescence, sometimes for decades; and even why polar bodies channel most of their
mitochondria into a single mature oocyte. The need for mitochondrial quality extends to
somatic cells, as mitochondria activity is crucial to cellular, tissue and organ functioning in
the adult organism (Carelli et al., 2015; Diot et al., 2016; Pereira et al., 2021). Some of the
approaches adopted here need to be applied to development and whether specific
processes have evolved to maintain mitochondria where their function is more critically
related to somatic fitness (Buss, 1987; Radzvilavicius et al., 2016). Most fundamentally, this
perspective challenges the claim that complex multicellularity requires passage through a
single-celled, haploid stage to constrain the emergence of lower-level, selfish genetic
elements (Buss, 1987; Maynard Smith and Szathmary, 1995). This is true for nuclear genes
in oocytes, whose quality is maintained by sexual exchange and recombination (Maynard

Smith and Szathmary, 1995), but is not the case for mitochondria, which are generally
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transmitted uniparentally, without sexual exchange or recombination. In animals, the
oocyte cytoplasm is not derived from a single cell, but instead requires the selective pooling
of mitochondrial DNA from clusters of progenitor cells, which together generate high-

guality mitochondria at extreme ploidy in mature gametes.
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Chapter 5 — Concluding Remarks and Future Challenges

1. Introduction

In the previous chapters, | have demonstrated the role of mutation accumulation in
constraining and shaping the evolution of life, with a focus on the evolution of sexual
reproduction in ancestral eukaryotes and selective processes for mitochondrial quality
control in the female germline. Since the great majority of mutations are deleterious, all
forms of life must prevent their accumulation in order to avoid extinction (Haigh, 1978;
Muller, 1964). During eukaryogenesis, as discussed in Chapter 2 and 3, the need for
increased purifying selection led ancestral eukaryotes to abandon LGT in favour of meiotic
sex (Colnaghi et al., 2020). Similarly, the results presented in Chapter 4 indicate that
uniparental inheritance and negligible recombination in mitochondrial genomes prompted
the evolution of filtering mechanisms in the female germline to minimise the transmission
of deleterious mitochondrial haplotypes (Colnaghi et al., 2021).

The theoretical models presented in Chapter 2 and 3 clarify the selective pressures,
arising from genome size expansion and high genetic repeat density, that drove the
evolution of meiotic sex. This model implicitly assumes that the acquisition of mitochondria
initiated the increase in genome size and repeat density that led to the origin of eukaryotes
(Lane, 2007; 2014). Nevertheless, the theoretical arguments presented are generally valid
and can be applied to other timelines of eukaryogenesis, such as ‘mitochondria-late’ models
in which the acquisition of the bacterial symbiont occurred during the last stages of
eukaryotic evolution (Ettema, 2016; Pittis and Gabaldén, 2016). In addition to
eukaryogenesis and germline evolution, the mathematical and computational approaches

developed can be used to model several other evolutionary systems, including the evolution
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of bacterial genomes, the process of genome streamlining in organelles and endosymbionts,
and the evolution of a two-step meiosis. In the following paragraphs, | will outline possible

modelling approaches to solve these as yet unanswered evolutionary questions.

2. Eukaryogenesis timeline and the origin of sex

The lack of evolutionary intermediates and the difficulties associated with estimating the
exact order for the acquisition of key eukaryotic traits (e.g., mitochondria, the nucleus, a
dynamic cytoskeleton, endomembrane system, and linear chromosomes) make it difficult to
establish a precise timeline of eukaryogenesis (Dacks et al., 2016; Koumandou et al., 2013).
One of the main hypotheses advanced in the literature is that the acquisition of the
mitochondrial symbiont favoured the transition from prokaryotes to eukaryotes, as the
extra energetic availability supported the expansion of the host’s genome (Lane, 2014;
2020). This process took place through frequent gene duplication and the integration of
endosymbiotic genes into the host’s genome (Tria et al., 2021), but the exact timing of
endosymbiosis is debated. According to the ‘mitochondria early’ view, the acquisition of
new genetic material becomes possible only after the acquisition of the bacterial
endosymbiont eliminated the bioenergetic constraints that prevent genome size expansion
in prokaryotes (Lane, 2007; 2014). An alternative hypothesis (‘mitochondria late’) is that
mitochondria were acquired towards the end of eukaryotic evolution by an organism that
already possessed a cytoskeleton, an active endomembrane system, and was fully capable
of phagocytosis (Ettema, 2016; Pittis and Gabaldén, 2016).

If the acquisition of mitochondria were the apex of eukaryogenesis, rather than its
catalyst, we should expect evolutionary intermediates between prokaryotes and eukaryotes

to be found in nature. But they are not. Prokaryotes with typically eukaryotic features
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(linear chromosomes, giant size, a dynamic cytoskeleton, a nucleus-like structure, an
endomembrane system, endosymbionts) are not uncommon, but none of them possess
more than a few of the traits that characterise eukaryotic complexity (Lane, 2014). Even the
largest bacteria do not come anywhere near the morphological complexity associated with
all eukaryotic life forms (Angert, 2012; Griese et al., 2011). A recent phylogenetic analysis of
the timing of duplications supports a ‘mitochondria early-ish” hypothesis, according to which
a series of duplication events promoted the amplification of cell trafficking and structural
genes, leading to the evolution of phagocytosis (Vosseberg et al., 2021). This in turn
favoured the acquisition of endosymbionts, which supported the process of genome size
expansion through duplications and gene transfer to the host genome (Vosseberg et al.,
2021). The idea that an initial phase of genome expansion through duplications preceded
the acquisition of the bacterial symbiont is hard to justify, given that duplications are so
rarely observed in extant prokaryotes; on the contrary, they generally display extremely
streamlined genomes and a strong tendency to reduce, rather than increase, their genome
size (Mira et al., 2001; Treangen and Rocha, 2011). In addition, this hypothesis does not
readily explain why most duplication events in the Last Eukaryotic Common Ancestor (LECA)
involve genes of bacterial (endosymbiotic), not archaeal, origin (Tria et al., 2021). A different
phylogenetic approach, based on the analysis of duplication events, supports the idea that
mitochondria were acquired early (Tria et al., 2021). Most duplication events that can be
traced back to LECA involve bacterial-derived genes of endosymbiotic origin, rather than
archaeal-derived or eukaryote-specific genes (Tria et al., 2021). This suggests the integration
of bacterial genes in the archaeal host’s genome following the repeated lysis of

endosymbionts, in line with a mitochondria-early scenario.
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Besides these uncertainties around the time of acquisition of the mitochondrion, the
precise timing of the origin of meiosis is also hard to evaluate (Dacks et al., 2016;
Koumandou et al., 2013). Did it arise in the first eukaryotes, facilitating the evolution of
further complexity? Or did it arise during late eukaryotic evolution because of the
evolutionary necessity of purging large genomes from the accumulation of deleterious
mutations? The models presented in this thesis do not strictly rely on a single timeline for
eukaryogenesis nor on the specific time of acquisition of different eukaryotic traits. They
can be applied to explain the evolution of meiosis under different eukaryogenesis scenarios.
In a ‘mitochondria-early’ scenario, the acquisition of endosymbionts ramps up the host’s
genome size because of both endosymbiotic genome transfer (which promotes genome size
expansion and duplication) and the extra energy availability (which removes bioenergetic
constraints on genome size). The presence of the endosymbiont reduces the selective
pressure for genome streamlining, allowing the host to expand its genome and
consequently exposing the first eukaryotes to the threat of mutational meltdown because
of the limitations of LGT discussed in Chapter 2 and 3 (Colnaghi et al., 2020; Lane, 2014). A
large genome, potentially combined with a higher mutation rate due to ROS (Speijer, 2015),
accumulates mutations at a faster rate and curtails LGT’s efficiency in promoting purifying
selection, demanding an increased recombination rate (Colnaghi et al., 2020). But the early
eukaryotes’ genomes accumulated an increasingly high density of repeated sequences
because of duplications and the spread of transposable elements of endosymbiotic origin.
The results presented in Chapter 3 indicate that, under these conditions, LGT cannot
prevent eukaryotic-sized genomes from crumbling under the accumulation of deleterious
point mutations without severe loss of genetic information through deletions. The only way

out is the evolution of a system of genetic exchange that requires chromosome alignment
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and homologous recombination across whole chromosomes, minimising the likelihood of
ectopic recombination — in other words, meiotic sex.

The predictions of this model are also compatible with the ‘mitochondria-late’
hypothesis, according to which genome size expansion proceeded through gene duplication
events before the acquisition of the mitochondrial symbiont (Ettema, 2016; Pittis and
Gabalddn, 2016; Vosseberg et al., 2021). Under these assumptions, the observations
discussed in Chapters 2 and 3 are equally valid. In this scenario, an initial increase in genetic
repeats through gene duplication is followed by the acquisition of the endosymbiont, which
caused a further rise in repeat density. This increasingly high density of repeats led to a
strong selective pressure against LGT, while the expansion in genome size called for an
increase in purifying selection. As in the previous scenario, under these conditions LGT is not
able to prevent the accumulation of mutations in the genome of the first eukaryotes,

generating a strong selective pressure towards the evolution of meiosis.

3. Bacterial genome evolution and endosymbiont genome streamlining

The results presented in Chapter 2 and 3 show that in the absence of meiotic sex, genome
size expansion cannot take place without a concomitant aggravation of Muller’s ratchet. In
light of this observation, one can postulate the existence of a critical genome size
(depending on mutation rate, recombination rate, strength of selection, repeat density)
above which any further expansion in genome size is balanced by gene inactivation and
deletion. A further increase in genome size cannot take place unless accompanied by one of
the following: a decrease of the genome-wide mutation rate, an increase in the frequency of
recombination, or stronger selection (e.g., because of a larger population size). A previous

study proposed that prokaryotic genome size is the result of a balance between the
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selective advantage of acquiring new genes and the tendency towards deletion (Sela et al.,
2016). While providing a compelling explanation, the authors neglect the cost of
maintaining a large genome in the face of mutation accumulation, the decreasing benefits
of LGT with genome size, and the additional costs associated with the presence of genetic
repeats (see Chapter 2 and 3). The trade-off between the advantages of a larger genome
(which increases adaptivity) and the reduced scope for purifying selection via LGT is likely to
result in constraints on the bacterial genome depending on population size, LGT and
mutation rate. While meiotic sex and mitochondria allow eukaryotes to expand their
genomes almost indefinitely, prokaryotes rely on a different strategy to ensure adaptability
and evolvability: they have streamlined and extremely plastic genomes, with a collective
‘pan-genome’ from which they can rapidly acquire genetic information via LGT in order to
respond effectively to environmental changes (Mclnerney et al., 2017; Pal et al., 2005;
Wiedenbeck and Cohan, 2011). The model presented in Chapters 2 and 3 can be developed
to study the constraints on prokaryotic genome size, the evolution of prokaryotic genomes,
and the process of genome streamlining in endosymbiotic parasites.

If genome size expansion cannot take place without a concomitant decrease in
mutation rate or increase in strength of selection/recombination rate, it is reasonable to
assume the opposite to be true as well: that a lower recombination rate and/or strength of
selection (e.g., because of smaller population size), or a higher mutation rate, would cause a
decrease of the maximum genome size that a population can sustain. As discussed in
Chapter 1, many of these conditions (reduced scope for recombination, weaker selection,
smaller population size) are typical of the lifestyle of endosymbiotic parasites. The transition
to an endosymbiotic lifestyle implies a decrease in the strength of selection over a large

majority of the genome, since numerous genes necessary for survival in a normal
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environment become superfluous after endosymbiosis. This, in turn, causes the progressive
erosion of genes under weak selection, which are eventually lost through deletions (Bobay
and Ochman, 2017; Mira et al., 2001).

Endosymbionts that undergo genome streamlining are often thought to gain a
selective advantage due to faster reproduction (Andersson and Kurland, 1998; Cavalier-
Smith, 1987; Selosse et al., 2001; Vellai and Vida, 1999). In extant prokaryotes, however,
growth rate does not show any significant correlation with genome size (Bergthorsson and
Ochman, 1998; Mira et al., 2001). On the contrary, some endosymbiont bacteria with
extremely streamlined genomes, such as leprosy bacillus Mycobacterium leprae, are among
the most slowly reproducing prokaryotes, with a doubling time of over two weeks (Cole et
al., 2001). It has therefore been suggested that other factors, such as ribosomal
translational efficiency and tRNA availability, are more important than genome size in
controlling bacterial growth rate (Emilsson and Kurland, 1990; Kurland and Ehrenberg, 1987
Mikkola and Kurland, 1991). Nevertheless, sharp genome size reduction can be consistently
observed in numerous microorganisms subjected to constant and stable environments,
suggesting that predictable environmental conditions favour the process of gene loss (see,
for example, Tenaillon et al. 2016 and Lee and Marx, 2012).

An alternative view is that deletion bias is responsible for genome size reduction in
endosymbionts (Mira et al., 2001). This hypothesis is compatible with the idea that Muller’s
ratchet is responsible for the progressive degradation and inactivation of genes under weak
selection, which are eventually eliminated through deletion (Bobay and Ochman, 2017; Silva
et al., 2001). A signature of Muller’s ratchet is indeed found in endosymbiotic bacteria,
which display a higher ratio of non-synonymous to synonymous substitutions (dN/dS)

relative to closely related free-living species (Lambert and Moran, 1998; Moran, 1996). This
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is indicative of the fixation of mutations due to ratchet mechanisms (Charlesworth and
Charlesworth, 1997; Higgs and Woodcock, 1995). The theoretical models of Chapters 2 and
3 can be developed further to study endosymbiotic parasites and improve our
understanding of how Muller’s ratchet promotes genome streamlining. One qualitative
prediction of the model is the presence of a correlation between severe bottlenecks, high
mutation rates and extreme genome size reduction in endosymbionts. By providing
guantitative predictions of optimal genome size, given effective population size, duplication
time and mutation rate, it would be possible to test this hypothesis against experimental
data, allowing us to determine more accurately the forces that govern the evolution

endosymbiotic genomes.

4. Mutation accumulation and organelle gene transfer to the nucleus

A specific application of this model is the process of transfer of mitochondrial genomes to
the nucleus. The bacterial symbiont that gave rise to mitochondria is thought to have
possessed, like extant alpha-proteobacteria, around 1,500 protein-coding genes (Gray et al.,
2001; Martin and Miiller, 2007; Roger et al., 2017). After endosymbiosis, a large number of
these genes were integrated into the host’s genome, while the mitochondrial genome
underwent a progressive shrinkage; a process that continued throughout eukaryotic
evolution. As a result, different eukaryotic taxa display a range of mitochondrial genome
size, structure, and number of genes (Burger et al., 2003). The number of mitochondrial
genes spans displays a 20-fold variation, ranging from nearly 100 genes in jakobid flagellates
to only 5 in Plasmodium spp. (Burger et al., 2003; Lang et al., 1997).

As nuclear genomes undergo systematic recombination through meiosis and are (at

least in metazoans) subjected to lower mutation rates, they accumulate mutations at a
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lower rate than mtDNA (Allio et al., 2017; Lynch et al., 2006). Allen and Raven (1996)
suggested that the driving force behind organellar gene transfer to the nucleus is the
selective advantage provided by recombination and lower mutation rates. The genes that
are retained by the organelles are the ones whose expression needs to be controlled locally
(Allen, 1993; 2015). According to the ‘CoRR’ (Colocation for Redox Regulation of gene
expression) hypothesis, the need for tight regulation of gene products near the organellar
membrane determines the retention of genes in mitochondria and chloroplasts (Allen,
1993; 2015). Further modelling efforts are necessary to quantitatively understand what
gives rise to the wide distribution of mitochondrial gene number across eukaryotes.

A possible approach would involve modelling Muller’s ratchet in the mitochondrial
genomes of individuals whose fitness depends on mitochondrial mutation load: as the
transfer of mitochondrial genes to the nucleus would reduce the mutational target offered
by mitochondrial genomes, the severity of the ratchet would be inversely correlated with
the number of transferred genes. Organisms with smaller mitochondrial genomes would
accumulate mitochondrial mutations at a lower rate, making the transfer of genes to the
nucleus advantageous. This selective advantage would increase with the severity of
mitochondrial mutation rate, leading to the prediction of an inverse correlation between
the number of mitochondrial genes and mitochondrial mutation rates. Indeed metazoa,
who are subjected to higher mitochondrial mutation rates than most other eukaryotes,
possess particularly small and compact mitochondrial genomes (Allio et al., 2017; Burger et
al., 2003; Lavrov and Pett, 2016) and very large numbers of mtDNA copies in mature
oocytes (Radzvilavicius et al., 2016). In addition to reducing the number of mitochondrial
genomes, metazoa also rely on purifying selection (Colnaghi et al., 2021), as discussed in

Chapter 4, and extreme mtDNA ploidy in mature oocytes (Radzvilavicius et al., 2016), to
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limit the transmission of deleterious mitochondrial haplotypes. The opposite trend can be
observed in higher plants, which typically possess extremely large mitochondrial genomes
(Burger et al., 2003; Fauron et al., 2004; Ward et al., 1981).

Unicellular eukaryotes with low mtDNA ploidy generally possess small mitochondrial
genomes, suggesting that reduced mtDNA ploidy might also favour genome size reduction.
For example, the phytoflagellate Chlamydomonas reinhardii, a red algae, possesses a
mitochondrial genome of only 15.8 kbp (Michaelis et al., 1990), and a proportionally small
number of mitochondria, oscillating between 7 and 50 copies per cell (Blank et al., 1980).
Reducing mtDNA ploidy increases segregational variance (see Chapter 4), favouring
selection at the level of the cell, but at the same time it increases the severity of Muller’s
ratchet because of smaller population size. As discussed in Chapter 4, the presence of
negative epistasis among mitochondrial mutations can make selective processes at the cell
level less effective, favouring the build-up of deleterious mutations. The interplay between
mitochondrial genome size and mtDNA ploidy is another aspect that could be elucidated by
future theoretical studies.

Together, these observations point to a correlation between mitochondrial genome size and
the severity of Muller’s ratchet caused by either high mutation rates or low effective
population size. The theoretical models developed in this thesis could be expanded to study
this process in a more rigorous, quantitative way, and tested against experimental data. It
seems important to point out, however, a fundamental assumption of the models outlined
above: that deleterious mutations are detrimental for both the mitochondrion and its host.
This approximation overlooks the complications arising from intragenomic conflict between

the mitochondrion and the host (i.e., the presence of mutations that increase mitochondrial
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fitness at the expenses of cell fitness), which could also generate a selective pressure for the

streamlining of mitochondrial genomes (Havird et al., 2019; Dobler et al., 2014).

5. Why 2-step meiosis?

In addition to investigating the transfer of organellar genomes to the nucleus, modelling
Muller’s ratchet in mitochondrial genomes might provide a novel approach to
understanding the evolution of meiosis. In the majority of eukaryotes, meiosis is a 2-step
process consisting of duplication followed by two cell divisions, generating haploid gametes
(Lenormand et al., 2016). The pervasive nature of 2-step meiosis and the conserved kit of
meiotic genes across eukaryotes suggests that it arose only once, during early eukaryotic
evolution (Ramesh et al., 2005; Schurko and Logsdon, 2008). If the purpose of meiosis is to
generate haploid gametes, what need is there of duplication followed by an additional cell
division (Hurst, 1993; Lenormand et al., 2016; Wilkins and Holliday, 2009)? In other words,
why a 2-step meiosis with duplication and two cell divisions instead of a single cell division?
Further modelling work focussed on the unique conditions of early eukaryogenesis and the
need to prevent mutation accumulation might provide a novel and promising approach to
tackle this evolutionary puzzle. In Chapters 1 and 4, | have discussed the need for increased
purifying selection in mitochondrial genomes arising from uniparental inheritance and
limited scope for recombination. Numerous mechanisms have evolved in metazoa to curtail
the transmission of deleterious mitochondrial haplotypes, including the segregation of the
germline and the presence of organelle-level selection (Colnaghi et al., 2021; Kim et al.,
2007; Lieber et al., 2019; Radzvilavicius et al., 2016) . Analogously, plants limit the amount
of cell division in both germ cells and stem cells, limiting the build-up of mitochondrial

mutations (Groot and Laux, 2016; Lanfear, 2018). The process of selection against

143



mitochondrial mutations is facilitated by segregation, which increases variance and
promotes cell-level selection (Colnaghi et al., 2021; Radzvilavicius et al., 2016).

The need to prevent the build-up of deleterious mutations in endosymbiotic
genomes is not exclusive of extant eukaryotes: it is an evolutionary imperative the first
eukaryotes must have dealt with as well. Considering that early mitochondria possessed
much larger genomes, it is also reasonable to assume that they were present in smaller
numbers, as observed in extant unicellular eukaryotes. As discussed in the previous
chapters, these two factors — large genome and small population size, with limited scope for
recombination — are predicted to precipitate the severity of Muller’s ratchet, generating
strong pressure for purifying selection (Colnaghi et al., 2020). To which extent could this be
achieved through a combination of segregational variance and cell-level selection? One of
the potential evolutionary advantages of 2-step meiosis is that it generates greater variance
in mitochondrial mutation load among daughter cells than a single cell division. If Muller’s
ratchet were taking place in early mitochondrial genomes, the greater variance generated
by two rounds of mitochondrial segregation would confer selective advantage by favouring
the reduction of mitochondrial mutation load. Could the need for increased segregational
variance have driven the evolution of 2-step meiosis in LECA? Further modelling work is
necessary to answer this question. This could be achieved by integrating the model
presented in Chapters 2 and 3 with a 2-level selection process (organelle and cell level) and
analysing under which conditions can 2-step meiosis prevent mutational meltdown, while 1-
step meiosis cannot. If the parameter range under which this takes place is sufficiently wide,

this might shed some light on the ancestral origin of 2-step meiosis.

6. Conclusion
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All composite things are impermanent... The world is afflicted by death and decay.
But the wise do not grieve, having realised the nature of the world.

— Siddhartha Gautama

The single most important and revolutionary concept introduced by Charles Darwin in his
‘On the Origin of Species’ is the absence of fixed, permanent categories in nature (Darwin,
1859). Species change, evolve, transmute into other species; life is not something fixed, part
of a pre-determined natural hierarchy. A great deal of effort in evolutionary biology is
devoted to understanding how change takes place, how beneficial traits arise and spread,
how life can explore the multitude of extremely diverse developmental, morphological, and
bioenergetic landscapes observed in nature. But adaptive change, innovation and novelty
could not exist without their opposite: the inevitable tendency towards decay and
dissolution. The yang of evolutionary creativity is balanced by the yin of deleterious
mutations, which cause an inevitable tendency towards the loss of genetic information.
Mutational decay is the price to be paid for adaptive change, and every form of life is under
the evolutionary imperative to contrast this process of decay or perish. The tendency
towards innovation and adaptation is only a small aspect of life, which is essentially a
conservative process against decay and entropy. This is true for cells and organisms, which
must constantly adapt to changing external conditions in order to maintain their
homeostatic balance, and for species, which must adapt to constantly changing fitness
landscapes without losing essential genetic information.

Obviously, deleterious mutations cannot be avoided — they are the price to be paid
for evolutionary creativity and adaptive change. But their accumulation, nevertheless, must

be prevented in order to ensure the persistence of a species. Throughout this thesis, | have
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given numerous examples of how the evolutionary imperative of purifying selection has
shaped the evolution of life. In particular, | have analysed its role in the evolutionary
transition from prokaryotes to eukaryotes and the origin of meiotic sex, and in the evolution
of germline processes that limit the transmission of deleterious mitochondrial haplotypes. |
have also highlighted possible avenues of future research in various areas, including the
evolution of prokaryotic genomes, the transfer of organelle genes to the nucleus, and the
evolution of a two-step meiosis. The list is by no means exhaustive: other examples of
evolutionary dynamics affected by the need for purifying selection can be found throughout
the history of life, demonstrating that life’s tendency towards change and transformation is
as inevitable as mutation, death, and decay. In fact, the evolutionary imperative of
transcending death and decay is one of the greatest sources of adaptive innovation, the
mud out of which the lotus of evolutionary creativity can flower. The origin of sex, the
presence of two sexes, the germline, and perhaps in the end even complex life itself —
everything colourful and beautiful in the world — can be seen as arising from the need to
maintain quality in a world that inevitably tends towards decay and impermanence.

During the evolution of the first living organisms, the need to ensure the
transmission of beneficial variants and prevent their decay must have arisen together with
genetic information itself. Eigen’s paradox, the apparent impossibility for faithful replication
to arise in a system of self-replicating nucleotides in the presence of copying errors,
presents numerous analogies with the informational decay predicted by Muller’s ratchet.
This paradox arises from the Manfred Eigen’s estimate that, given the error rate of self-
replicating nucleotide polymers in absence of error-repair mechanisms, the maximum
length of a successfully replicating polymer in a hypothetic RNA-world would be

approximately 100 base pairs — at least one order of magnitude smaller than the size of a
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molecule capable of encoding an error-correction enzyme (Eigen, 1971). As life evolves
towards greater complexity, the need arises for the evolution of molecular machinery that
can ensure higher replication fidelity, minimise copying error, and promote the elimination
of deleterious mutations across multiple levels of selection (indeed, the introduction of
multi-level selection offers a possible way out of Eigen’s paradox, as in Eigen’s hypercycle
model or Szathmary’s stochastic replicator; see, for example, Maynard Smith and
Szathmary, 1995).

Muller’s ratchet is also thought to play a crucial role in shaping the evolution of
viruses and bacteria, determining the structure and size of their genomes. At the other end
of the evolutionary spectrum, the build-up of mutations in somatic cells has a profound
impact on human health, being potentially involved in ageing, cancer, and mitochondrial
disease. Obviously, it was impossible to explore all those different avenues in the present
work: some of them have just been briefly hinted at in these last chapters, others have been
passed on in almost complete silence.

The theoretical ideas discussed throughout this dissertation can potentially offer
novel approaches of looking at these evolutionary questions and advance our
understanding of how deleterious mutations impact and shape the evolution of life. It is my
sincere hope that any advances in this field will, ultimately, contribute to human welfare in
general and to the flourishing of our society in harmony with the natural environment. In
the same way mutational decay led to the flourishing of living complexity, may the

disruptive processes in our society also give rise to a better, more meaningful future.
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Appendix A — Supplementary Material for Chapter 2

In absence of LGT, previous theoretical results (Haigh, 1978) have shown that, at
equilibrium, the number of individuals in the least-loaded class (LLC) is ny = Ne~U/s,
Without recombination and back-mutation, the loss of the LLC is an irreversible process —a
‘click’ of the ratchet. The magnitude of n, determines the likelihood that the least-loaded
class becomes extinct because of stochastic fluctuations (i.e. genetic drift). High values of n,
increase the expected time of extinction of the LLC, whereas small values make the LLC
more vulnerable to stochastic fluctuations (Muller, 1964; Haigh, 1978;). Therefore n, is a
good indication of the speed of the ratchet (Haigh, 1978). Expressing the genome wide
mutation rate U as u X g allows the equilibrium number of individuals in the LLC to be
rewritten ny = Ne™#9/5 The speed of the ratchet scales exponentially with genome size
and mutation rate, and is negatively correlated with the strength of selection. Crucially, the
impact of genome size is much stronger than that of population size (Figure 2.S1). For
example, a 2-fold increase in genome size can increase the speed of the ratchet by several
orders of magnitude, whereas even a 10-fold reduction in population size has a rather
meagre effect, except at low values (Figure 2.51). Therefore, any increase in genome size
must be balanced by a proportional increase in strength of selection in order to avoid a

drastic reduction of n,.
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Figure 2.51 | Genome size and population size determine n,. The equilibrium number of
individuals in the least-loaded class (ng) is shown as a function of genome size (number of loci) and

population size, with constant mutation rate 4 = 10~° and constant strength of selection s = 1073,
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Figure 4.51. Change in mutation load (4m) across a single generation after individual

selection with variable mean bottleneck size (B). This is shown with (A) low (u = 107%) and

(B) high (u = 10~7) mutation rate, for individuals with low (my, = 0.001), medium (m, =

0.01) and high (m, = 0.1) initial mutation loads. Box plots show the median (red line) and

distribution (box plot IQR with min/max whiskers and outliers).
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Figure 4.52. Change in mutation load (4m) across a single generation after cell selection
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10~7) mutation rate, for individuals with low (mg = 0.001), medium (m, = 0.01) and high

(my = 0.1) initial mutation loads. Box plots show the median (red line) and distribution (box

plot IQR with min/max whiskers and outliers).
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Figure 4.53. Change in mutation load (4m) across a single generation, given a variable
proportion of transferred mitochondria (f) to the Balbiani body when transfer is non-

selective (Pyue = Pwe = 0.5). This is shown with (A) low (1 = 1077), (B), standard (1 =
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1078) and (C) high (1 = 10~7) mutation rate, for individuals with low (m, = 0.001),

medium (my = 0.01) and high (m, = 0.1) initial mutation loads. Box plots show the median

(red line) and distribution (box plot IQR with min/max whiskers and outliers).
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Figure 4.54. Change in mutation load (4m) across a single generation, for individuals

undergoing cytoplasmic transfer the Balbiani body with variable strength of selection, given

a fixed probability of transfer of wildtype mitochondria (p,,; = 0.5) and a decreasing

probability of transfer of mutant mitochondria (p,,,,,+). Note the null case is when (P =

pwe = 0.5). This is shown with (A) low (1 = 107%) and (B) high (1 = 10~7) mutation rate,

for individuals with low (m, = 0.001), medium (m, = 0.01) and high (my = 0.1) initial

mutation loads, and a fixed proportion of transferred mitochondria (f = 0.5). Box plots

show the median (red line) and distribution (box plot IQR with min/max whiskers and

outliers).
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