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ABSTRACT

Selection on mitochondrial mutations potentially occurs at different levels: at the mitochondria, cell,
and organism levels. Several factors affect the strength of selection at these different levels; in particular,
mitochondrial bottlenecks during germline development and reduced paternal transmission decrease the
genetic variance within cells, while they increase the variance between cells and between organisms, thus
decreasing the strength of selection within cells and increasing the strength of selection between cells
and organisms. However, bottlenecks and paternal transmission also affect the effective mitochondrial
population size, thus affecting genetic drift. In this article, we use a simple model of a unicellular life
cycle to investigate the effects of bottlenecks and paternal transmission on the probability of fixation of
mitochondrial mutants and their frequency at mutation-selection equilibrium. We find that bottlenecks
and reduced paternal transmission decrease the mean frequency of alleles with s, > s, (approximately),
where s, and s, are the strengths of selection for an allele within and between cells, respectively, and
increase the frequency of alleles with s, < s.. Effects on fixation probabilities are different; for example,
bottlenecks reduce the fixation probability of mutants with s, > 0 (unless s,, is very small relative to s.)
and increase the fixation probability of mutants with s, < 0.

HE population of mtDNA molecules of a species
presents an inherent spatial structure, as mtDNAs
are distributed among mitochondria, cells, organisms,
and populations. This structure gives the opportunity
for selection on mitochondrial variants to act at multi-
ple levels: at the molecule, organelle, cell, and organism
levels. Several traits of organisms may influence the rela-
tive effects of selection at these different levels. One such
trait is the rate of paternal transmission of mitochon-
dria: indeed, by decreasing the genetic variance within
organisms and increasing the variance between organ-
isms, uniparental transmission (e.g., the total absence
of paternal transmission) decreases the effects of intra-
organismal selection, while it increases the effects of
selection between organisms. Building on this idea, it
has been proposed that uniparental inheritance may
correspond to an adaptation of the organism to reduce
the spread of “selfish” mutants, ¢.e, mutants that in-
crease in frequency within the organism, at the expense
of the organism’s survival or reproduction (HASTINGS
1992; HursT and HamiLTON 1992).
Patterns of organelle and cell division during the de-
velopment of the organism also affect the partitioning
of mitochondrial genetic variance and therefore may af-
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fect the relative strength of selection at different levels.
In many animal species, the number of mitochondria
per cell does not remain constant during the develop-
ment of the female germline, but decreases to a minimal
value during the first cell divisions of the development
and then increases back. It has been hypothesized that
this bottleneck may help to purge deleterious mutations
in mtDNA, by increasing the variance between cells within
the germline and therefore increasing the effect of se-
lection against deleterious mutations at the cell level
(KRAKAUER and Mira 1999). Simulation models have
shown that germline bottlenecks can indeed reduce the
rate of accumulation of deleterious mutations in cyto-
plasmic genomes (BERGSTROM and PRITCHARD 1998;
RispE and Moran 2000).

In this article, we present a study of the joint effects
of paternal leakage and bottlenecks on selection on
mitochondrial variants, assuming that selection can oc-
cur both within and between cells. In particular, we
derive expressions for the probability of fixation of a
mutation in mtDNA and for the frequency of allelic
variants at mutation-selection equilibrium. These ex-
pressions allow us to quantify the effects of bottleneck
size and biparental transmission on these quantities.
Previous models on the effects of germline bottlenecks
used simulations to study the rate of accumulation of
mutations at several loci (BERGSTROM and PRITCHARD
1998; Rispe and MoraN 2000). Here we represent a
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single selected locus, which allows us to derive analyti-
cal results; we then discuss the relation between our re-
sults and results on Muller’s ratchet. To keep the analy-
sis simple, we consider a unicellular life cycle, but the
model could be extended to deal with more complicated
developmental patterns. Before introducing the model,
we briefly present some data about the biology of ani-
mal mitochondria. More exhaustive presentations can
be found in two review articles by Birky (2001) and
RaND (2001).

Once a mutation in mtDNA occurs, the cell becomes
heteroplasmic, containing different mitochondrial al-
lelic types. During past years, many studies have shown
that heteroplasmy may be more common than previ-
ously thought, due to the constant input of new muta-
tions (CORRAL-DEBRINSKI et al. 1992; CORTOPASSI ¢t al.
1992; JAZIN et al. 1996; LIGHTOWLERS el al. 1997; MicHI-
KAWA et al. 1999; CHINNERY et al. 2000, 2001). The dy-
namics of heteroplasmy under neutrality have been
studied using mathematical models (TAKAHATA and
MaRruyAMA 1981; BIRKY et al. 1983); critical parameters
of these models are the amount of paternal transmission
of mitochondria and the effective number of mitochon-
dria per cell, which may be very different from the real
number of mitochondria per cell. Organelle genome
replication is stochastic, in the sense that the same ge-
nome can be replicated more than once by chance,
while others are not replicated (Birxy 1994). However,
all genomes in a cell do not seem to have the same
probability of being replicated: in cultured mammalian
cells, it has been observed that genomes located near
the nucleus are the only ones that replicate (Davis and
CrayToN 1996), which reduces the effective number of
organelles in the cell. At cell division, organelles are
thought to be partitioned randomly between the two
daughter cells (BIrRkY 1994); however, it has been shown
in yeast that sister mitochondria tend to remain close
to each other in the cytoplasm and thus have a greater
chance of being in the same daughter cell than if segre-
gation was strictly random (Birky 2001). This also in-
creases the speed of intracellular drift.

The effective organelle number may also be reduced
by temporal variations of the number of organelles per
cell. In mammals, rapid changes in heteroplasmy levels
between generations have led to the hypothesis of a
mitochondrial bottleneck during the development of
the female germline (HAUSWIRTH and Larpis 1982,
1985; Larpis el al. 1988; KOEHLER et al. 1991). Cytoplasm
transfer experiments in mice have reinforced this hy-
pothesis and showed that the bottleneck occurs during
early oogenesis (JENUTH et al. 1996). Finally, direct esti-
mates from electron micrographs have shown that, in
humans, the number of mitochondria per germ cell is
aslowas 10 at the very beginning of germline differentia-
tion (at the blastocyst stage) and increases steadily to
reach 10° in mature oocytes (JANSEN and DE BOER 1998),
confirming the existence of a bottleneck during early
oogenesis.

Due to the bottleneck and the stochastic nature of
replication and segregation of mitochondria at cell divi-
sion, heteroplasmy is expected to be transient, one ge-
notype reaching fixation after several cell divisions, and
the number of germ cell generations by organismal
generation is estimated to be 32-37 in Drosophila fe-
males, 30-35 in Drosophila males, and ~25 and 62 in
female and male mice, respectively (DrRosT and LEE
1998). However, heteroplasmy can be created again at
the next generation if mitochondria present in the
sperm are transmitted to the egg at fertilization. At
present, the occurrence of paternal leakage remains
controversial, except for some peculiar inheritance sys-
tems as in mussels, where paternal transmission has
been clearly demonstrated (Zouros et al. 1992; SKIBIN-
SKI et al. 1994). In Drosophila, paternal transmission
has been detected in both interspecific and intraspecific
crosses (KoNDO et al. 1990, 1992). In mice, paternal
leakage has been observed in interspecific crosses (GyL-
LENSTEN el al. 1991), but not in experiments involving
intraspecific crosses (KANEDA et al. 1995; SHITARA et al.
2000). Still, in mice, it has been shown that mitochon-
dria in spermatids are tagged with ubiquitin and that
ubiquitinized mitochondria are selectively destroyed in
the egg and young embryo (SUTOVSKY et al. 1999). How-
ever, one cannot rule out the possibility that, sometimes,
a few paternal mitochondria might escape destruction.
Whether such systematic elimination of paternal trans-
mission occurs in other species is not known. In humans,
it seems that sperm mitochondria can be identified in
the embryo up to the morula stage (ANKEL-SIMONS and
CumMINs 1996), and a case of paternal inheritance has
been reported recently in an individual suffering from a
mitochondrial myopathy (ScCHWARTZ and VISSING 2002;
BromHAM et al. 2003). Finally, mtDNA sequence data
from many animal species show evidence for recombi-
nation, which would imply the occurrence of paternal
transmission (PIGANEAU et al. 2003). It remains unclear,
however, if this result is a consequence of experimental
errors or if it reflects a real biological process (see dis-
cussion in PIGANEAU et al. 2003).

Intraorganismal selection on mitochondrial variants
has been documented in several species including Dro-
sophila, mice, and humans (SHOUBRIDGE et al. 1990;
YONEDA et al. 1992; DUNBAR ¢t al. 1995; DE STORDEUR
1997; JENUTH et al. 1997; Dot et al. 1999; MORAES el al.
1999; TAKEDA et al. 2000). Both point mutations and de-
letions in mtDNA can be selected within the organism;
moreover, selection can be tissue specific, some geno-
types systematically increasing in frequency in some tis-
sues while decreasing in others. The mechanisms of intra-
organismal selection often remain obscure. While it is
easy to imagine that a mutation disrupting oxidative
phosphorylation compromises cell survival and there-
fore is counterselected at the cell level, positive selection
is more difficult to explain. The popular hypothesis
that deleted molecules may replicate faster due to their
shorter size (WALLACE 1989) has been criticized on the



Bottlenecks and Organelle Evolution 1387

grounds that the time taken by a mtDNA molecule to
replicate is a lot shorter than the time between two
replication events (SHADEL and CLAYTON 1997). A well-
studied example of selfish mutation is the petitemutation
in yeast, which increases in frequency in cells at the
expense of cell fitness (TAYLOR et al. 2002). In some
petite mutations only a small part of the mitochondrial
genome is retained and repeated many times to produce
amolecule of approximately normal size, which benefits
from a replication advantage because it contains several
copies of the replication origin (BIrRky 2001; MACAL-
PINE et al. 2001).

It is well known that mutations in mtDNA can affect
the fitness of the organism, leading to selection at the
organism level. In humans, pathogenic mtDNA defects
affect atleast 1 in 15,000 of the adult population (CHIN-
NERY and TURNBULL 2000). These defects can be caused
either by point mutations or by deletions in mtDNA
accumulating in postmitotic tissues. The most energy-
demanding organs are the most severely impaired: the
central nervous system (the visual system in particular),
heart, motor muscles, kidneys, and liver (LARSSON and
CrLAYTON 1995; WaLLACE 1999; TRIFUNOVIC et al. 2004).
Interestingly, selection can be sex specific, some mito-
chondrial diseases being more severe in males than in
females (FRANK and HURST 1996). Selection sometimes
occurs very early in life: BARRITT et al. (2000) have found
that the frequency of the “common” deletion is 33%
among human oocytes and 8% among embryos, sug-
gesting that oocytes with a high frequency of deleted
mtDNA are less likely to be implanted as embryos. In
yeast, experiments have shown that some mutants fa-
vored by intraorganismal selection do not increase in
frequency when selection between organisms is allowed
(TAYLOR et al. 2002), suggesting that selection may act
in opposite directions at the two levels.

Several mathematical models have studied the dynam-
ics of heteroplasmy and neutral variability in organelle
genomes (TAKAHATA and MaRUYAMA 1981; CHAPMAN
et al. 1982; BIRKY et al. 1983, 1989; TARKAHATA 1983; TARA-
HATA and PaALumBI 1985; CHESSER 1998). These models
derive recursions for probabilities of identity between
different pairs of genes (genes from the same cell, from
the same organism, from the same local population);
these recursions are then used to describe the popula-
tion at mutation-drift equilibrium and to obtain results
about the approach to the equilibrium. Other models
have considered the effects of selection. TAKAHATA and
SLATKIN (1983) used a simulation model to study the
effects of the number of copies of the organelle genome
per individual, the number of loci in the genome, and
the rate of paternal transmission on the fixation rates
of new mutations; in this model, mutations can be ad-
vantageous or deleterious for the organism, while in-
traorganismal selection is absent. TAKAHATA (1984) de-
rived approximations for the probability of fixation of
mutations in organelle genomes, assuming that selec-
tion can occur within the organism, but not between

organisms. This model assumes that all cells are homo-
plasmic at the end of the development. WALsH (1992,
1993) used a birth-death model to calculate probabili-
ties of fixation in organelle genes, including selection
between molecules within organelles, genetic exchange
between organelles and gene conversion, selection be-
tween organelles within cells, and selection between
organisms. This model focuses on the relative effects of
intracellular selection and gene conversion on fixation
rates. As in TAKAHATA (1984), it makes the hypothesis
that all cells are homoplasmic at the end of the devel-
opment.

More recently, BERGSTROM and PRITCHARD (1998)
studied the effect of germline bottlenecks on the accu-
mulation of deleterious mutations (Muller’s ratchet) in
mitochondrial genomes. They modeled a unicellular life
cycle and considered the case of deleterious mutations
at the cell level (while selection within cells is absent).
They derived recurrence equations for the average fit-
ness in the population and for the genetic variance
within and between cells; however, as these recursions
depend on higher-order moments, the system cannot be
closed. Using simulations, they showed that bottlenecks
reduce the speed of Muller’s ratchet, by increasing the
variance in fitness between cells.

In this article, we represent a life cycle similar to the
one modeled by BERGSTROM and PRITCHARD (1998).
We consider a single selected mitochondrial locus and
calculate the probability of fixation of a mutant allele
(without recurrent mutation) and its frequency at muta-
tion-selection equilibrium (under recurrent mutation),
assuming that selection can occur between cells and
between mitochondria within cells. We show that the
effects of bottlenecks and of biparental transmission vary
depending on the type of mutation considered (e.g.,
selfish, uniformly deleterious, altruistic . ..); further-
more, we show that for a given type of mutation, bottle-
necks can have different effects on the probability of
fixation and on the mean frequency at mutation-selec-
tion equilibrium. There are several differences between
our model and Bergstrom and Pritchard’s model: in
particular, we include selection between mitochondria
within cells, which is absent in Bergstrom and Pritch-
ard’s model, and we derive analytical results concerning
probabilities of fixation and frequency at mutation-
selection equilibrium at a single locus, while Bergstrom
and Pritchard obtained simulation results concerning
the rate of accumulation of deleterious mutations (Mul-
ler’s ratchet) at several loci.

MODEL

Life cycle: Definitions of the different parameters and
variables of the model are given in Table 1. We consider
the following life cycle (represented in Figure 1). At
the beginning of each generation, the population con-
sists of n unicellular organisms, each containing N mito-
chondria. The number of mitochondria per cell then
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TABLE 1

Parameters and variables of the model

n No. of (unicellular) organisms in the population

N No. of mitochondria per cell at the beginning of the life cycle

B No. of mitochondria per cell during the bottleneck stage

o Rate of biparental transmission

Sms Sc Selection coefficients for allele A at the within- and between-cell levels

W, v Mutation rate per generation, from a to A (i) and from A to a (v)

) Scaling factor

bij» bi» P Frequency of allele A in mitochondrion j of cell i (p;), in cell i (p;), and in the whole
population (p), at the beginning of the life cycle

biwys Py Frequency of A in cell 7 and in the whole population, at the bottleneck stage

D> P Frequency of A in cell ¢ and in the whole population, just before cell selection (when the
no. of mitochondria per cell has grown back to N)

Dio» P Frequency of A in cell 7 and in the whole population, just before cell fusion

Jfioy fi@ Frequency of copies of mitochondrion 7 in cell i at the bottleneck stage (f;w) and just
before cell selection ()

; Probability that cell i is sampled to be part of the next generation

W, Expected no. of copies that mitochondrion i will transmit to the next generation

7 P Probability that the ancestral lineages of two mitochondria sampled with (7) and without

(r°) replacement from the same cell, at the beginning of the life cycle, stay in the same
cell and coalesce, in the limit as » tends to infinity and in the neutral case

Gy, Gy Probability that two mitochondria sampled with replacement from the same cell just before
cell selection (C;) and at the bottleneck stage (C,) are copies of the same mitochondrion
at the beginning of the life cycle, in the neutral case

drops to B < N, where B is the bottleneck size; we as-
sume for simplicity that the Bmitochondria are sampled
with replacement from the N mitochondria that were
present in the cell (as is done in BERGSTROM and
PriTcHARD 1998). The number of mitochondria per
cell then goes back to N (the N mitochondria being
sampled with replacement among the B), and ncells are

P> Di> Pij
Life-cycle
cell
fusion
Py Pitc)

selection
between cells

sampled with replacement to form the next generation.
Finally, cells undergo sex: pairs of cells are formed ran-
domly, fuse, and separate into two cells. During fusion,
mitochondria from one cell can pass to the other cell
with probability a (more precisely, the two cells exchange
anumber of mitochondria which are sampled in a bino-
mial distribution of parameters N and a); o therefore

bottleneck

Py Pitoy» Jijoo)
.

Ficure 1.—Model life cycle (see text for
more explanation). The vertical arrow
marks the beginning of the life cycle.

within-cell
selection

Py Piceys Jijte)
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measures the rate of biparental inheritance: when a =
0, cells do not exchange mitochondria during sex (uni-
parental inheritance), while when o = %, mitochon-
dria from both cells are mixed randomly. This life cycle
therefore includes two events of drift within cells (when
the number of mitochondria per cell drops to B, and
when it goes back to N), and one event of drift be-
tween cells (when cells are sampled to form the next
generation).

We assume that mitochondria are of two types: mutant
(A) and nonmutant (a). p measures the frequency of
A in the whole population, p; the frequency of A in the
ith cell, and p;; the frequency of A in the jth mitochon-
drion of the ith cell; we assume that mitochondria are
haploid (which seems to be true in the human germline;
JanseN 2000), so that p; = 0 or 1. After the bottleneck
stage (when the number of mitochondria per cell goes
from B to N), selection occurs between mitochondria
within cells. To represent this selection, we assume that
the probability that any of the N mitochondria present
in the ith cell after the bottleneck comes from the jth
of the B mitochondria at the bottleneck stage is

l 1+ Smpij

b 1
Bl + Smpi(b) ( )

where p;, is the frequency of A mitochondria in cell i
at the bottleneck stage (this equation corresponds to
the classical Wright-Fisher model with selection); s,, there-
fore measures the replication advantage (if s,, > 0) or
disadvantage (if s,, < 0) of A mitochondria within cells.

Selection between cells occurs when cells are sampled
to form the next generation. To represent this selection,
we assume that each time a cell is sampled to be part
of the next generation, the probability of sampling the
ith cell is

_ 11+ sepig

nl + s (2)

where p; ) and p, are the frequencies of Amitochondria
in cell i and in the whole population, respectively, once
the number of mitochondria per cell has grown back
to N. Therefore, s. measures the effect of A mitochon-
dria on the cell’s performances: if s. > 0, A mitochon-
dria have a beneficial effect for the cell, while if s. < 0
they have a deleterious effect.

This model life cycle is similar to the one modeled by
BErRGSTROM and PriTcHARD (1998), to the difference
that Bergstrom and Pritchard do not represent selection
within cells, while paternal transmission is not modeled
exactly the same way.

Method: In the following, we use a diffusion model to
calculate the probability of fixation of allele A and its
expected frequency at mutation-selection equilibrium.
It has been shown that diffusion approximations can
be applied to subdivided populations, provided that co-
alescence occurs at different timescales (ETHIER and

NAGYLAKI 1980; RozE and RousseTr 2003; WAKELEY
2003); as is discussed later, this required property is
present in our model. The diffusion method considers
limit processes where population size tends to infinity,
while selection coefficients tend to zero, assuming that
the products of population size and selection coeffi-
cients tend to finite values in this limit (which are their
values under the finite population model considered).
To do this, we write selection coefficients under the
form s, = 85, s. = 85., where 8 is a small term and is
of order 1/n (thus when & tends to zero, n tends to in-
finity). In the following, we express the mean and vari-
ance of the change in frequency of A over a generation
to the first order in 8 (and in 1/n). Approximations
for probabilities of fixation are readily obtained from
such expressions (Ewens 1979; KARLIN and TAYLOR
1981).

We call Ap the change in frequency of allele A over
one generation and define Ms, and V3, as

My, = E[Ap|p] (3)
Vs, = EL(Ap)*|p], (4)

where E[x] is the expectation of x, and p is the n-dimen-
sional vector giving the frequencies of A in the n cells
of the population, at the beginning of a generation. We
see in the next sections that Ms, and Vs, take the forms

(with g = 1 — p)
Ms, = Spg + 0(3) (5)

V) = % + 0(1/n), (6)

where S and N, depend on the model parameters, but
not on allele frequencies. From these expressions of
Mjs, and Vs, the diffusion approximation for the proba-
bility of fixation of allele A, when present in frequency
p in the population, is given by (e.g., EwENs 1979)

1 - exp[—QMSp]_
1 — exp[—2N.S]

u(p) = (7)

From Sand N, we can also obtain the mean frequency
of a mutant allele at mutation-selection equilibrium.
Assuming a constant mutation rate W from a to A (per
generation) and a back mutation rate v (from A to a),
where p and v are small (of order 3), the mean change
in frequency of A becomes

My, = Spqg + ng — vp + 0(d), (8)

while the variance in allele frequency change, to the first
order, remains unchanged. From these expressions, the
probability that allele A is present in frequency p in the
population at equilibrium is given by (e.g., EWENS 1979)

0(p) = Kexp[2N.Splp»elg!, (9

where K is a constant such that probabilities sum to
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one. The expected frequency of A at equilibrium can
then be obtained by averaging over this distribution.

Expected change in allele frequency: To calculate Ms,,
we first define the fitness W, of mitochondrion j present
in cell ¢ (at the beginning of the life cycle) as the ex-
pected number of copies that it will transmit to the next
generation. With such a definition, the average fitness
equals 1, and the change in frequency of allele A over
a generation is given by

1 2 N
Ms, = — Wb — b. 10
dp ”Nl=217=21 b = P (10)
When 8 = 0, M, = 0. To the first order in 8, one has

_ 8 n N dVVU
_nNEEdap

Ms, i + 0(d). (11)
In APPENDIX A we calculate W; under our life cycle, to
the first order in 8, and obtain

W; =1+ 85(p; — p)

-
+ B 85, — 95, N (pij — p) + 0(d).
(12)

From this and from Equation 11 (and using the fact that
% = p;), one arrives at

1 1 _
Mﬁpzscpq+ I-- Sm_scl TN (p_p?) + O(B)a
B N,
(13)

where p? denotes the average of p; over all cells i. p? is
the probability that two mitochondria sampled with re-
placement from the same cell at the beginning of the
life cycle are both A. As we want to express Ms, to the
first order in & only, it is sufficient to express this proba-
bility when 8 tends to zero, that is, in the neutral case,
and when the number of individuals is infinite (remem-
ber that & is of order 1/n). In this limit, p? can be
expressed as a function of p using the following argu-
ment: the ancestral lineages of two mitochondria sam-
pled in the same cell (at the beginning of the life cycle)
can stay in the same cell lineage and coalesce (with a
probability that we call r) or move to different cells (with
probability 1 — 7), in which case they take an infinite
time to coalesce as the number of cells n tends to infinity.
Therefore, at a finite time ¢ sufficiently far in the past,
those two lineages have coalesced with probability rand
have not coalesced with probability 1 — r. If they have
coalesced, the probability that their common ancestor
was A is p (since when & tends to zero and n tends to
infinity, the frequency of A does not change over the
finite number ¢ of generations), giving

pi

rp+ (1 — rp*+ O®B)
= p* + rpg + O(). (14)
Equations 13 and 14 finally give

Ms, = Spg + 0(3) (15)

with

ool gh o
S—sc+( B(l—r)sm—sC N)' (16)

In the next section we express r as a function of a, N,
and B. However, we can already note that when o = 0
(uniparental inheritance), r = 1 (since the ancestral
lineages of two mitochondria sampled in the same cell
cannot move to different cells). In this case, S = s.:
indeed, under strict uniparental inheritance (and with-
outrecurrent mutation) cells become rapidly homoplas-
mic, and within-cell selection has no effect.

Variance in allele frequency change: To obtain the
probability of fixation of allele A, we also need to express
Vsy- To the first order in 1/, this is the variance in the
change in frequency of A over a generation, in the
neutral case. We show in APPENDIX B that V3, is given by

1
1@=%+%J, (17)
where
= n .
14+ 1 -n[1-20-1/N)1 — 1/B)]
(18)

As discussed previously, r = 1 under strict uniparental
inheritance (o = 0), and thus N, simply equals n (the
number of cells in the population) in that case.

Calculation of r: Finally, we need to express r, which
measures the probability that the ancestral lineages of
two mitochondria sampled with replacement from the
same cell (at the beginning of the life cycle) stay in the
same cell and coalesce, in the limit as population size
tends to infinity, and in the neutral case (as shown
above). Denoting r° the same probability for two mito-
chondria sampled without replacement from the same
cell, we have

1
r= lN—}— (1 - N)TD. (19)
A recursion for /* is given by

()" =11 - 2a(1 — a)][(l - ;)(1 - ZI\Z)TD

e

Indeed, two mitochondria present in the same cell after
sex were in the same cell before sex with probability
1 — 2a(1 — @); in this case, they come from two different
mitochondria at the previous generation with probabil-
ity (1 —1/B) (1 — 1/N), while they coalesce during the
previous generation with probability 1 — (1 —1/B) (1 —
1/N). Solving this recursion at equilibrium gives for r:
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TABLE 2

Effects of a reduction in B (bottleneck size) and of an increase in o (rate of biparental transmission) on u(p),
the fixation probability of allele A, and on its average frequency at mutation-selection equilibrium (p)

0- -0 —— 0+

+0 ++ -+ +-

Effect of bottlenecks on

u(p) Increase Increase Increase Decrease

b Decrease Increase Increase or Increase
decrease
(Equation 26)

Effect of o on

u(p) Increase Decrease Increase or Decrease
decrease
(Equation 25)

Increase Decrease Increase or Decrease

decrease
(Equation 26)

Decrease Decrease

Increase

Increase

Increase or Increase or

decrease decrease
(Equation 23) (Equation 23)
Decrease Increase or Increase Decrease
decrease
(Equation 26)
Increase or Decrease Increase
decrease
(Equation 25)
Increase or Decrease Increase

decrease
(Equation 26)

The different columns correspond to different types of A alleles: in each case, the first symbol denotes the effect of A at the
mitochondrial level (— if deleterious, 0 if neutral, + if advantageous), and the second symbol is its effect at the cell level (for
example, +— corresponds to the case of selfish mutants and 0— to mutants that are deleterious for the cell and neutral at the

mitochondrial level).

20(1 —a)(1 = 1/N) ,
1-1-1/B - 1/N)[1 = 2a(l — a)]
1)

r=1—

This expression can be plugged into Equations 16 and
18 to express Sand N, as functions of the different pa-
rameters of the model.

RESULTS

The effects of bottlenecks and of paternal transmis-
sion on fixation probabilities and average frequencies
at mutation-selection equilibrium are summarized in
Table 2 and Figure 5.

Fixation probabilities: In the absence of recurrent
mutations (i = v = 0), the probability of fixation of al-
lele A is given by Equation 7. From this expression, it
is possible to show that the probability of fixation of A
increases as the product N.S increases. The effect of
bottlenecks on fixation probability is thus given by the
sign of the derivative of N.S with respect to B: when
this derivative is positive, bottlenecks (reductions in B)
reduce the probability of fixation of A. From Equations
16, 18, and 21, one obtains that this derivative has the
sign of

20(1 — &) (N — 1)(s. + Ns,) + N%,. (22)

When the number of mitochondria per cell is not small,
so that N — 1 = N, one thus obtains that bottlenecks re-
duce the probability of fixation of A when

1 2a(l — o)

— S (23)
N1+ 2a(1 — a)

Condition (23) indicates that, when the number of mito-
chondria per cell N is large, bottlenecks reduce the
fixation probability of A roughly when s,, > 0 (selfish
and uniformly advantageous mutants) and increase the
fixation probability of A when s,, <0 (altruistic and uni-
formly deleterious mutants). It also shows that, when
selection within cells is absent (s, = 0), bottlenecks
reduce the fixation probability of mutations that are ad-
vantageous for the cell (s, > 0) and increase the fixation
probability of mutations that are deleterious for the cell
(s. <0). This result may seem surprising at first, because
bottlenecks increase the variance between cells, thus
increasing the effect of selection at the cell level. How-
ever, bottlenecks have another effect, which is to de-
crease the effective population size of mitochondria, N,
(as is shown from Equations 18 and 21). Therefore,
bottlenecks increase the effect of genetic drift, which
reduces the fixation probability of advantageous mu-
tants and increases the fixation probability of deleteri-
ous mutants. From the overall effect of B on the N.S
product, one finds that, in our model, the effect on N,
predominates: bottlenecks increase the fixation proba-
bilities of mutants that are deleterious for the cell and
decrease the fixation probability of advantageous mu-
tants for the cell.

The effect of the rate of biparental transmission on
fixation probabilities is given by the sign of the derivative
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FIGURE 2.—Probability of fixation
of allele A when present as a single
copy at the beginning of a genera-
tion, relative to the probability of fix-
ation of a neutral allele, as a function
of the rate of biparental inheritance
«, and for different values of the bot-
tleneck size B. (A) Selfish mutant (s, =

0.2 0.3 0.4

05 0.02,s. = —0.01); (B) altruistic mu-
tant (s, = —0.001, 5. = 0.02); (C) uni-
formly advantageous mutant (s, =
0.001, s. = 0.02); (D) advantageous
mutant at the cell level (s, = 0, s, =
0.02). The values of the other param-
eters are n = 500; N = 100; and B =
10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 (from bottom to top in A and C
and from top to bottom in B); B =
10 (bottom) and 100 (top) in D. Sim-
ulation results: B= 10 (squares), B =

A B 2
250
200 15
ulug 150 uluy 10
100
5
50
0.1 0.2 0.3 0.4 0.5 0.1
@
20
C = D
18
24
ulug
uluy
16
20
14
16
0.1 0.2 0.3 0.4 0.5 0.1
02

of N.S with respect to a. From Equations 16, 18, and
21, one obtains that this derivative has the sign of

—sN+ B—1) + s,N(B— 1) (24)

(when 0 = o = %) and therefore the probability of
fixation of A increases as « increases if

N+ B—-1

NGB - 1) Se. (25)

Sm
Thus, increasing the rate of biparental transmission in-
creases the fixation probability of selfish mutants (s,, >
0, s < 0) and decreases the fixation probability of altru-
istic mutants (s, < 0, s. > 0), while it can increase or
decrease the fixation probability of uniformly deleteri-
ous and uniformly advantageous mutants, depending
on the values of s,,, s., N, and B. This is due to the fact

0.0035
0.003
0.0025
0,002
p
0.0015

0.001

0.0005

200 400 600 800 1000
n

Frcure 3.—Average frequency of a selfish mutant at muta-
tion-selection equilibrium, as a function of population size n.
The solid line corresponds to integration over the distribution
given by Equation 9, the dotted line to the approximation
obtained by assuming that the population is fixed most of the
time for one of the two alleles (small population size), and
the dashed line to the deterministic approximation —u/S§
(infinite population size). Parameter values are N = 100, B =
10, s. = —0.02, s, = 0.005, a = 0.05, .. = 107%, and v = 107°.

50 (open circles), and B = 100 (solid
circles).

that biparental transmission reduces selection between
cells, while it increases selection within cells. Effects of
paternal transmission and bottlenecks on probabilities
of fixation are illustrated by Figure 2, which also com-
pares our analytical solution with simulation results.

Mutation-selection equilibrium: In the presence of re-
current mutations from « to A and from A to a, the
average frequency of A at equilibrium can be obtained
by integrating over the frequency distribution given by
Equation 9. Although we could not obtain any simple
result concerning the effects of B and o from this fre-
quency distribution, it is useful to consider the two fol-
lowing limit cases.

In the first case, population size is very small, so that
IN.S| <1, N < 1, and N < 1. In this case, the pop-
ulation is fixed most of the time for one of the two
alleles a or A. The expected frequency of A is then de-
termined by the probability of fixation of A in a popula-
tion fixed for @ and by the probability of fixation of a
in a population fixed for A. In this case, increasing the
probability of fixation of A will also increase the aver-
age frequency of A at mutation-selection equilibrium.
Therefore in a very small population, the effects of bot-
tleneck size and of paternal leakage on the probability
of fixation of A and on the mean frequency of A at
mutation-selection equilibrium are the same.

When population size is very large, so that |[N.S| > 1,
N > 1, and Nov > 1, the average frequency of A
can be approximated by the deterministic equilibrium
(calculated for the case of an infinite population); when
§ < 0, this deterministic equilibrium is p = —u/S (ne-
glecting back mutations). In this case, one thus neglects
the effects of drift in the total population, and the dif-
ferent parameters of the model affect average allele
frequencies only through their effects on the selection
coefficient S. Figure 3 compares the results obtained
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from this approximation and from the previous approxi-
mation for small population size, with the more exact
results obtained by integrating over the distribution
given by Equation 9. The derivative of — ./ Swith respect
to B has the sign of Ns,, — (N — 1)s.. Therefore, when
Nis not small (i.e., N= N — 1), bottlenecks reduce the
mean frequency of allele A approximately when

(26)

The derivative of —w/S with respect to o has also the
sign of Ns,, — (N — 1)s. (when 0 = o = %). Thus,
increasing the rate of biparental inheritance increases
the frequency of A when s,, > s.. Therefore, in a large
population, bottlenecks (and reduced paternal trans-
mission) decrease the frequency of selfish mutants, in-
crease the frequency of altruistic mutants, and either
increase or decrease the frequency of uniformly delete-
rious and uniformly advantageous mutants, depending
on the relative strength of selection within and between
cells. Figure 4 illustrates the effect of bottlenecks on the
mean frequency of mutations that are deleterious for
the cell (Figure 4A), deleterious for the mitochondrion
(Figure 4B), and selfish (Figure 4C). It also compares
predictions from the model with simulation results.
Figure 5 summarizes results about fixation probabili-
ties and mean frequency at mutation-selection equilib-
rium. Mutants located in the top left corner of Figure 5
are selfish (+—), those in the bottom left are uniformly
deleterious (——), those in the top right are uniformly
advantageous (++), and those in the bottom right are
altruistic (—+). Bottlenecks (reductions in B) decrease
the fixation probability of mutations with values of s. and
sm located in the area above the dashed line; although
this line appears horizontal, it has a slightly negative
slope (given by Equation 23). Reductions in a decrease
the fixation probability of mutants located above the

Sm = Sc-

40

B. Solid lines correspond to integra-
tion over the distribution given by
Equation 9, dashed lines to the deter-
ministic approximation — /S, and dots
to simulation results. Parameter val-
ues are n = 500, a = 0.05, o = 1073,
v =10"% and N = 100. (A) s, = 0,
se = —0.01; (B) s, = —0.01, 5, = 0;
(C) sum = 0.005, s, = —0.02.

60 80 100

dotted line (obtained from Equation 25) and increase
the fixation probability of mutants located below. In a
large population, reductions in both B and o decrease
the mean frequency of mutants located above the solid
line and increase the frequency of mutants located be-
low. In a small population, effects on fixation probabili-
ties and on mean frequencies are the same: reductions

Sm
0.04
selfish beneficial
+— ++
— —+
deleterious altruistic
-0.1 -0.05 0 0.05 0.1 s

c

Ficure 5.—Effects of bottlenecks and reduction in o on
the fixation probability and mean frequency of mitochondrial
mutants. The axes are selection coefficients at the cell and
mitochondrial levels; mutants in the top left are selfish (+ —),
those in the bottom left are uniformly deleterious (— —),
those in the top right are uniformly advantageous (+ +), and
those in the bottom right are altruistic (— +). In a large
population, bottlenecks and reductions in o decrease the
mean frequency of mutants (at mutation-selection equilib-
rium) above the solid line (from Equation 26) and increase
the frequency of mutants below it. Bottlenecks decrease the
fixation probability of mutants above the dashed line (from
Equation 23) and increase the fixation probability of mutants
below it. Reductions in o decrease the fixation probability of
mutants above the dotted line (from Equation 25) and in-
crease the fixation probability of mutants below it. Parameter
values are N = 100, B = 10, and o = 0.05.
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in B decrease the mean frequency of mutations located
in the area above the dashed line, while reductions in
o decrease the mean frequency of mutants located
above the dotted line.

DISCUSSION

Our simplest results concern the effects of bottlenecks
and paternal transmission on the mean mutant fre-
quency in a large population: in this case, qualitative
effects can be predicted from effects on Ms,. Both bot-
tlenecks and reduced paternal transmission increase the
strength of selection between cells and decrease the
strength of selection within cells; therefore, reducing B
and/or a decreases the frequency of selfish mutants
and increases the frequency of altruistic mutants. When
selection acts in the same direction at both levels (uni-
formly deleterious and uniformly advantageous mu-
tants), bottlenecks and reduced paternal transmission
decrease the mutant frequency approximately when
Sm > s. (Figure 5, solid line).

The effects of paternal transmission on fixation prob-
abilities are qualitatively similar, but in the case of uni-
formly deleterious and uniformly advantageous mutants,
the sign of the effect is now given by condition (25).
Therefore, decreasing o will have different effects on
the mean mutation-selection equilibrium frequency and
on the probability of fixation of some of these mutants
(unless population size is very small, in which case effects
on fixation probability and on mean frequency are the
same, as we argued earlier): reductions in o decrease
the probability of fixation, but increase the mean fre-
quency of uniformly advantageous (++) mutants lo-
cated between the dotted and solid lines in Figure 5,
while reductions in « increase the fixation probability,
but decrease the mean frequency of uniformly deleteri-
ous mutants (——) located between those lines.

Bottlenecks decrease the effective population size N,
and thus increase the effects of drift. Regarding proba-
bilities of fixation, this effect compensates the increased
strength of selection at the cell level: when selection
within cells is absent (s,, = 0), we find that bottlenecks
increase the probability of fixation of mutations that are
deleterious for the cell and decrease the probability of
fixation of advantageous mutations for the cell. There-
fore in the case of these mutants, bottlenecks have differ-
ent qualitative effects on probabilities of fixation and
on frequencies at mutation-selection equilibrium; this
is due to the fact that drift affects fixation probabilities
to a greater extent than mutation-selection equilibrium
frequencies (in a very large population, one can neglect
drift when calculating mutation-selection equilibrium
frequencies, but not when calculating fixation probabili-
ties). When selection occurs only within cells (s. = 0),
the effects of bottlenecks through drift and through
selection go in the same direction: bottlenecks increase
drift and decrease the strength of selection; therefore,
in this case, bottlenecks have the same effect on fixation

0.11

0.1

0.09

— 0.08
0.07 L
0.06

005

20 40 60 80 100
B

F1GURE 6.—Average frequency of a selfish allele at mutation-
selection equilibrium, as a function of bottleneck size B, in the
absence of paternal transmission (o = 0): simulation results.
Parameter values are n = 500, N = 100, w = 1073, v = 107,
sn = 0.005, and s. = —0.02.

probabilities and on mutation-selection equilibrium fre-
quencies. Finally, bottlenecks decrease the probability
of fixation of selfish mutants and increase the probabil-
ity of fixation of altruistic mutants, except when selec-
tion within cells is very weak [condition (23)].

Our model stresses the fact that, without paternal
transmission (a = 0), bottlenecks and within-cell selec-
tion have no effect on probabilities of fixation: in this
case, S = s. and N, = n. Indeed under strict uniparen-
tal inheritance, cells become rapidly homoplasmic, and
selection occurs only at the cell level. The mean fre-
quency at mutation-selection equilibrium also does not
depend on B or on s,, in our model when a = 0; this
comes from the fact that we assumed that both selection
and mutation were weak (intuitively, when the mutation
rate is small and without paternal transmission, cells are
homoplasmic most of the time, and within-cell selection
has little effect). Under sufficiently strong mutation rates,
however, bottlenecks affect mutant frequencies even
under strict uniparental transmission, as shown by Fig-
ure 6; however, one cannot use the diffusion method
in that case. RispE and MoraN (2000) analyzed a simula-
tion model of Muller’s ratchet in endosymbiotic bacte-
ria; their model includes a bottleneck stage during trans-
mission to the next generation. Although transmission
is strictly uniparental, they found that bottlenecks de-
crease the rate of accumulation of selfish mutations and
can increase or decrease the rate of accumulation of
uniformly deleterious mutations, depending on the rel-
ative strength of selection at the within- and between-
organism levels.

Because bottlenecks and paternal transmission affect
differently the different types of mitochondrial muta-
tions, the evolution of modifiers affecting these traits
should depend on the relative frequencies of the differ-
ent types of mutational events. For example, reduced
paternal transmission decreases the frequency of selfish
mutants and uniformly deleterious mutants with s, >
s., but increases the frequency of mutants with s,, < s;
therefore, uniparental inheritance decreases the fre-
quency of some mutations that are deleterious for the
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organism (selfish mutations in particular), but increases
the frequency of others, which are also deleterious for
the organism (those with s,, < s. < 0). Similarly, uni-
parental inheritance can either increase or decrease the
frequency of advantageous mutations for the organism,
depending on the relative values of s, and s.. Theoreti-
cal models investigating the conditions for the evolu-
tion of uniparental inheritance (HasTINGS 1992; HURST
and HamiLToN 1992; Law and HuTtson 1992) have al-
ways considered the case of selfish mutations occur-
ring in organelle genomes; although these mutations
can be present at higher frequencies within populations,
uniformly deleterious mutations may occur more fre-
quently. Therefore, new insights could be gained from
models that consider distributions of mutational effects
at the mitochondria and organism levels.

How do these results relate with previous results on
the effects of mitochondrial bottlenecks? As we said in
the Introduction, KRAKAUER and MIRA (1999) proposed
that germline bottlenecks may slow the rate of accumu-
lation of deleterious mutations in mitochondrial ge-
nomes, by increasing the genetic variance between cells
and thus increasing the effect of selection at the cell
level against deleterious mitochondrial mutations. In-
deed, in the simulations of BERGSTROM and PRITCHARD
(1998), bottlenecks reduce the rate of accumulation of
mutations that are deleterious for the organism (which
is a single cell in their model, as in ours) and neutral
within cells. In our model, we find that bottlenecks
decrease the mean frequency of these mutations, but
increase their fixation probability (through a reduction
in N, and increased drift). For very low mutation rates,
at most one deleterious mutation segregates in the pop-
ulation at any time; in this case, deleterious mutations
can accumulate by drift, if selection against them is
sufficiently weak (KONDRASHOV 1995). In this case, what
determines the rate of accumulation of deleterious mu-
tations is the fixation probability of individual muta-
tions; in our model, bottlenecks would accelerate this
accumulation, since they increase the fixation probabil-
ity of mutations that are deleterious for the cell, but
neutral within cells. When selection also occurs within
cells, however, bottlenecks decrease the fixation proba-
bility of selfish mutants (unless s,, is very small), while
they increase the fixation probability of uniformly dele-
terious mutants, depending on the relative values of s,
and s.. Under higher mutation rates, several deleterious
mutations will coexist at several loci. In this case, what
determines the rate of accumulation of mutations is the
expected frequency of organisms without mutation in
the population (HaicH 1978; GorpO and CHARLES-
wORTH 2000). Although our model does not cover that
case (as it represents a single locus), the fact that bottle-
necks reduce the mean frequency of mutants that are
deleterious for the cell goes in the same direction as
Bergstrom and Pritchard’s results.

Although other life cycles should be investigated using
specific models, bottlenecks and paternal transmission

should have similar qualitative effects on within- and
between-cell selection and on genetic drift. However,
the relative strength of these effects may depend on the
details of the life cycle. The method presented in this
article can be applied to more complex life cycles, and
we have worked on various extensions of our model to
represent multicellular life cycles: for example, models
that represent organisms in which mitochondria do not
replicate during the first cell divisions of the development
(as in humans) so that the number of mitochondria per
cell decreases to reach a minimum and then increases
back. These multicellular models are more complicated,
but lead to essentially similar results concerning the
effects of bottlenecks and paternal transmission.
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APPENDIX A

We calculate here W, the expected number of copies of mitochondrion jin cell , at the next generation, to the
first order in 8. Since we assume that 8 is of order 1/n, it is sufficient to calculate W, in the limit as population size
(n) tends to infinity.

In the following, p, and p;) denote the frequency of A in the whole population and in cell ¢, respectively, at the
bottleneck stage, while f;, denotes the frequency of copies of mitochondrion 7 in cell 7, also at the bottleneck
stage. We then define p, as the frequency of A in the whole population when the number of mitochondria per
cell has grown back to N (just before cell selection), while ;) is the frequency of A in cell ¢, and f; ) is the frequency
of copies of mitochondrion 7 in cell .

The expected number of copies of mitochondrion ¢ at the next generation is given by

W; = nN X E[wfjg], (A1)
where w; is given by Equation 2. To the first order in 8, this is
Wy = N X E[fj(1 + sc(piw = p))] + 0(3)
= NEfi] + sl fiwPiw] = L fiwpwl) + 0(d). (A2)

Since we want to express W to the first order only, it is sufficient to express the last two expectations of Equation
A2 when 8 = 0 (neutral case). We have

1
Elfjwpe] = XTX P+ 0(@). (A3)

E[ fj@pi@] is the probability of sampling one copy of mitochondrion ij and one A mitochondrion, after sampling
two mitochondria with replacement from cell ¢, just before selection between cells. With a probability that we call
C,, these two mitochondria come from the same mitochondrion in cell i (at the beginning of the life cycle); this
mitochondrion is mitochondrion j with probability 1/, and mitochondrion jis of type A with probability p;;. With
probability 1 — C,, the two mitochondria come from two different mitochondria of cell ¢; in this case, the first is
mitochondrion jwith probability 1/N, while the second is A with probability (Np, — p;) /(N — 1). We therefore have

Pij 1 Nﬁz — pij
E[ﬁj@)[%‘(m] = CIX;+ (1 - Cl)Nﬁ + 0(d), (A4)
where C, is given by
1 1y
=1—-(1—=|1——
C=1 ( B)( N)' (AB)

It remains to express E[ f;

@], to the first order in 8. We have from Equation 1I:

(1 + Smpij)ﬁj(b)}
1+ supiw

Elfjm(1 + sulpy = piy))] + 0(8)

(I + sap) ELfion] = swELfimpion] + 0(3). (A6)

We have E[ f;)] = 1/N, while the same reasoning as above gives

1 Np;

1 Npi = Py
St oo, (A7)

Elfijwl = E{

Elfimpin] = CQ% + (1 — Gy
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where C, is the probability that two mitochondria sampled with replacement in cell ¢ at the bottleneck stage come
from the same mitochondrion in cell i before the bottleneck:

1 1
C,=1- (1 - B)(l - Xf) (A8)
Equations A2-A8 lead to
1 1
W, =1+ s(py— p) + (1 - B){Sm - (1 - Nﬂ(’bﬁ = p) + 0(d). (A9)
APPENDIX B

To the first order in 1/n, V5, equals the variance of p’' (the frequency of A at the next generation), in the neutral
case. Since the frequency of A does not change during cell fusion, we have p' = p, where p, is the frequency of
A in the whole population, just before cell fusion. Denoting p;(, the frequency of A in cell 7 at this stage, we have

_ 1< 1
‘/8[7 = Var|:nl=21pl(t):| + 0(7L>
12 12 1
= EEVar[pi(c)] + FE ECOV[p[(C), [77'((:)] + O(n) (Bl)

=1 i=1j=1
i

By symmetry, Var[ p;] and Cov[ p;«), pj] are the same for all i and j, and we can write
1 1 1
Vop = ,Varlpiol + {1 — n Covlpiw, piw] + 0 ) (B2)

To obtain V3, to the first order in 1/7n, we therefore need to express Var[ p;] in the limit when 7 tends to infinity
and Cov[ p;(), pj] to the first order in 1/n. We have

Var[ﬁi(c)] = E[(Pi(c))Q] - E[Pi(c)]2- (B3)

By symmetry, E[ piy] = E[py] = p under neutrality. E[(pi()?] is the probability that two mitochondria sampled
with replacement from the same cell, just before cell fusion, are both A. With probability (1 —1/N)(1 —1/B)(1 —
r), the ancestral lineages of these two mitochondria move to different cells before coalescence has occurred, in
which case the probability that both mitochondria are A is p? in the limit as n tends to infinity. With probability
1—-(1—-1/N)(1 —1/B)(1 — r) coalescence occurs, and the probability that both mitochondria are A is p (still
as n tends to infinity). This gives

1 1
Var[ pio] = [1 — (1 - N)(l - B)(l —nlpg + 0(1 ) (B4)

n
To express Cov[ p;), pj], we proceed as follows. We have

Covl i, piol = Elpiopio] = ElpiolELpi0]- (B5)

In the neutral case, E[ p;o1E[ pjo] = p* El piopio] is the probability of sampling two A mitochondria, by sampling
two mitochondria from different cells just before cell fusion. We can distinguish two cases:

With probability 1 — 1/, these two mitochondria come from different cells (of the present generation, at the be-
ginning of the life cycle). In this case, the probability that they are both A is the probability of sampling two A
mitochondria from different cells of the present generation (at the beginning of the life cycle); we denote this
probability p,p;. Since we need to calculate E[ p; ;] to the first order in 1/7, we need to express p;p; to the first
orderin 1/n. This can be done as follows: the probability of sampling two A mitochondria at the present generation
after sampling two mitochondria with replacement is p% With probability 1/7, both mitochondria are sampled
from the same cell, and the probability that they are both A is p* + rpg + O(1/n) (Equation 14), while with
probability 1 — 1/n, they are sampled in different cells, and the probability that they are both A is p;p;, giving

p= L+ g + (1 - %)W + 0(%) (BO)
n

and therefore
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I |
BB = 1= b + o(,%) (B7)

With probability 1/7, the two mitochondria come from the same cell of the present generation (at the beginning
of the life cycle). In this case, it is sufficient to calculate the probability that they are both A in the limit as n
tends to infinity. In this limit, the probability that their ancestral lineages coalesce is 1 — (1 — 1/N) (1 — 1/
B) (1 — r), in which case they are both A with probability p, while with probability (1 — 1/N)(1 — 1/B)(1 — r)
they move to different cells before coalescence has occurred, in which case the two mitochondria are A with
probability p?.

Putting everything together gives
_1 S S N 1

And finally, Equations B2, B4, and B8 lead to

et ool -3 4

n



