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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 m ! s c (approximately),
where s m and s c are the strengths of selection for an allele within and between cells, respectively, and
increase the frequency of alleles with s m " s c . Effects on fixation probabilities are different; for example,
bottlenecks reduce the fixation probability of mutants with s m ! 0 (unless s m is very small relative to s c)
and increase the fixation probability of mutants with s m " 0.

THE population of mtDNA molecules of a species fect the relative strength of selection at different levels.
presents an inherent spatial structure, as mtDNAs In many animal species, the number of mitochondria

are distributed among mitochondria, cells, organisms, per cell does not remain constant during the develop-
and populations. This structure gives the opportunity ment of the female germline, but decreases to a minimal
for selection on mitochondrial variants to act at multi- value during the first cell divisions of the development
ple levels: at the molecule, organelle, cell, and organism and then increases back. It has been hypothesized that
levels. Several traits of organisms may influence the rela- this bottleneck may help to purge deleterious mutations
tive effects of selection at these different levels. One such in mtDNA, by increasing the variance between cells within
trait is the rate of paternal transmission of mitochon- the germline and therefore increasing the effect of se-
dria: indeed, by decreasing the genetic variance within lection against deleterious mutations at the cell level
organisms and increasing the variance between organ- (Krakauer and Mira 1999). Simulation models have
isms, uniparental transmission (e.g., the total absence shown that germline bottlenecks can indeed reduce the
of paternal transmission) decreases the effects of intra- rate of accumulation of deleterious mutations in cyto-
organismal selection, while it increases the effects of plasmic genomes (Bergstrom and Pritchard 1998;
selection between organisms. Building on this idea, it Rispe and Moran 2000).
has been proposed that uniparental inheritance may In this article, we present a study of the joint effects
correspond to an adaptation of the organism to reduce of paternal leakage and bottlenecks on selection on
the spread of “selfish” mutants, i.e., mutants that in- mitochondrial variants, assuming that selection can oc-
crease in frequency within the organism, at the expense cur both within and between cells. In particular, we
of the organism’s survival or reproduction (Hastings derive expressions for the probability of fixation of a
1992; Hurst and Hamilton 1992). mutation in mtDNA and for the frequency of allelic

Patterns of organelle and cell division during the de- variants at mutation-selection equilibrium. These ex-
velopment of the organism also affect the partitioning pressions allow us to quantify the effects of bottleneck
of mitochondrial genetic variance and therefore may af- size and biparental transmission on these quantities.

Previous models on the effects of germline bottlenecks
used simulations to study the rate of accumulation of

1Corresponding author: School of Biological Sciences, University of mutations at several loci (Bergstrom and PritchardEdinburgh, King’s Bldgs., W. Mains Rd., Edinburgh EH9 3JT, United
Kingdom. E-mail: denis.roze@ed.ac.uk 1998; Rispe and Moran 2000). Here we represent a
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single selected locus, which allows us to derive analyti- Due to the bottleneck and the stochastic nature of
replication and segregation of mitochondria at cell divi-cal results; we then discuss the relation between our re-

sults and results on Muller’s ratchet. To keep the analy- sion, heteroplasmy is expected to be transient, one ge-
notype reaching fixation after several cell divisions, andsis simple, we consider a unicellular life cycle, but the

model could be extended to deal with more complicated the number of germ cell generations by organismal
generation is estimated to be 32–37 in Drosophila fe-developmental patterns. Before introducing the model,

we briefly present some data about the biology of ani- males, 30–35 in Drosophila males, and !25 and 62 in
female and male mice, respectively (Drost and Leemal mitochondria. More exhaustive presentations can

be found in two review articles by Birky (2001) and 1998). However, heteroplasmy can be created again at
the next generation if mitochondria present in theRand (2001).

Once a mutation in mtDNA occurs, the cell becomes sperm are transmitted to the egg at fertilization. At
present, the occurrence of paternal leakage remainsheteroplasmic, containing different mitochondrial al-

lelic types. During past years, many studies have shown controversial, except for some peculiar inheritance sys-
tems as in mussels, where paternal transmission hasthat heteroplasmy may be more common than previ-

ously thought, due to the constant input of new muta- been clearly demonstrated (Zouros et al. 1992; Skibin-
ski et al. 1994). In Drosophila, paternal transmissiontions (Corral-Debrinski et al. 1992; Cortopassi et al.

1992; Jazin et al. 1996; Lightowlers et al. 1997; Michi- has been detected in both interspecific and intraspecific
crosses (Kondo et al. 1990, 1992). In mice, paternalkawa et al. 1999; Chinnery et al. 2000, 2001). The dy-

namics of heteroplasmy under neutrality have been leakage has been observed in interspecific crosses (Gyl-
lensten et al. 1991), but not in experiments involvingstudied using mathematical models (Takahata and

Maruyama 1981; Birky et al. 1983); critical parameters intraspecific crosses (Kaneda et al. 1995; Shitara et al.
2000). Still, in mice, it has been shown that mitochon-of these models are the amount of paternal transmission

of mitochondria and the effective number of mitochon- dria in spermatids are tagged with ubiquitin and that
ubiquitinized mitochondria are selectively destroyed indria per cell, which may be very different from the real

number of mitochondria per cell. Organelle genome the egg and young embryo (Sutovsky et al. 1999). How-
ever, one cannot rule out the possibility that, sometimes,replication is stochastic, in the sense that the same ge-

nome can be replicated more than once by chance, a few paternal mitochondria might escape destruction.
Whether such systematic elimination of paternal trans-while others are not replicated (Birky 1994). However,

all genomes in a cell do not seem to have the same mission occurs in other species is not known. In humans,
it seems that sperm mitochondria can be identified inprobability of being replicated: in cultured mammalian

cells, it has been observed that genomes located near the embryo up to the morula stage (Ankel-Simons and
Cummins 1996), and a case of paternal inheritance hasthe nucleus are the only ones that replicate (Davis and

Clayton 1996), which reduces the effective number of been reported recently in an individual suffering from a
mitochondrial myopathy (Schwartz and Vissing 2002;organelles in the cell. At cell division, organelles are

thought to be partitioned randomly between the two Bromham et al. 2003). Finally, mtDNA sequence data
from many animal species show evidence for recombi-daughter cells (Birky 1994); however, it has been shown

in yeast that sister mitochondria tend to remain close nation, which would imply the occurrence of paternal
transmission (Piganeau et al. 2003). It remains unclear,to each other in the cytoplasm and thus have a greater

chance of being in the same daughter cell than if segre- however, if this result is a consequence of experimental
errors or if it reflects a real biological process (see dis-gation was strictly random (Birky 2001). This also in-

creases the speed of intracellular drift. cussion in Piganeau et al. 2003).
Intraorganismal selection on mitochondrial variantsThe effective organelle number may also be reduced

by temporal variations of the number of organelles per has been documented in several species including Dro-
sophila, mice, and humans (Shoubridge et al. 1990;cell. In mammals, rapid changes in heteroplasmy levels

between generations have led to the hypothesis of a Yoneda et al. 1992; Dunbar et al. 1995; De Stordeur
1997; Jenuth et al. 1997; Doi et al. 1999; Moraes et al.mitochondrial bottleneck during the development of

the female germline (Hauswirth and Laipis 1982, 1999; Takeda et al. 2000). Both point mutations and de-
letions in mtDNA can be selected within the organism;1985; Laipis et al. 1988; Koehler et al. 1991). Cytoplasm

transfer experiments in mice have reinforced this hy- moreover, selection can be tissue specific, some geno-
types systematically increasing in frequency in some tis-pothesis and showed that the bottleneck occurs during

early oogenesis (Jenuth et al. 1996). Finally, direct esti- sues while decreasing in others. The mechanisms of intra-
organismal selection often remain obscure. While it ismates from electron micrographs have shown that, in

humans, the number of mitochondria per germ cell is easy to imagine that a mutation disrupting oxidative
phosphorylation compromises cell survival and there-as low as 10 at the very beginning of germline differentia-

tion (at the blastocyst stage) and increases steadily to fore is counterselected at the cell level, positive selection
is more difficult to explain. The popular hypothesisreach 105 in mature oocytes (Jansen and de Boer 1998),

confirming the existence of a bottleneck during early that deleted molecules may replicate faster due to their
shorter size (Wallace 1989) has been criticized on theoogenesis.
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grounds that the time taken by a mtDNA molecule to organisms. This model assumes that all cells are homo-
plasmic at the end of the development. Walsh (1992,replicate is a lot shorter than the time between two

replication events (Shadel and Clayton 1997). A well- 1993) used a birth-death model to calculate probabili-
ties of fixation in organelle genes, including selectionstudied example of selfish mutation is the petite mutation

in yeast, which increases in frequency in cells at the between molecules within organelles, genetic exchange
between organelles and gene conversion, selection be-expense of cell fitness (Taylor et al. 2002). In some

petite mutations only a small part of the mitochondrial tween organelles within cells, and selection between
organisms. This model focuses on the relative effects ofgenome is retained and repeated many times to produce

a molecule of approximately normal size, which benefits intracellular selection and gene conversion on fixation
rates. As in Takahata (1984), it makes the hypothesisfrom a replication advantage because it contains several

copies of the replication origin (Birky 2001; MacAl- that all cells are homoplasmic at the end of the devel-
opment.pine et al. 2001).

It is well known that mutations in mtDNA can affect More recently, Bergstrom and Pritchard (1998)
studied the effect of germline bottlenecks on the accu-the fitness of the organism, leading to selection at the

organism level. In humans, pathogenic mtDNA defects mulation of deleterious mutations (Muller’s ratchet) in
mitochondrial genomes. They modeled a unicellular lifeaffect at least 1 in 15,000 of the adult population (Chin-

nery and Turnbull 2000). These defects can be caused cycle and considered the case of deleterious mutations
at the cell level (while selection within cells is absent).either by point mutations or by deletions in mtDNA

accumulating in postmitotic tissues. The most energy- They derived recurrence equations for the average fit-
ness in the population and for the genetic variancedemanding organs are the most severely impaired: the

central nervous system (the visual system in particular), within and between cells; however, as these recursions
depend on higher-order moments, the system cannot beheart, motor muscles, kidneys, and liver (Larsson and

Clayton 1995; Wallace 1999; Trifunovic et al. 2004). closed. Using simulations, they showed that bottlenecks
reduce the speed of Muller’s ratchet, by increasing theInterestingly, selection can be sex specific, some mito-

chondrial diseases being more severe in males than in variance in fitness between cells.
In this article, we represent a life cycle similar to thefemales (Frank and Hurst 1996). Selection sometimes

occurs very early in life: Barritt et al. (2000) have found one modeled by Bergstrom and Pritchard (1998).
We consider a single selected mitochondrial locus andthat the frequency of the “common” deletion is 33%

among human oocytes and 8% among embryos, sug- calculate the probability of fixation of a mutant allele
(without recurrent mutation) and its frequency at muta-gesting that oocytes with a high frequency of deleted

mtDNA are less likely to be implanted as embryos. In tion-selection equilibrium (under recurrent mutation),
assuming that selection can occur between cells andyeast, experiments have shown that some mutants fa-

vored by intraorganismal selection do not increase in between mitochondria within cells. We show that the
effects of bottlenecks and of biparental transmission varyfrequency when selection between organisms is allowed

(Taylor et al. 2002), suggesting that selection may act depending on the type of mutation considered (e.g.,
selfish, uniformly deleterious, altruistic . . .); further-in opposite directions at the two levels.

Several mathematical models have studied the dynam- more, we show that for a given type of mutation, bottle-
necks can have different effects on the probability ofics of heteroplasmy and neutral variability in organelle

genomes (Takahata and Maruyama 1981; Chapman fixation and on the mean frequency at mutation-selec-
tion equilibrium. There are several differences betweenet al. 1982; Birky et al. 1983, 1989; Takahata 1983; Taka-

hata and Palumbi 1985; Chesser 1998). These models our model and Bergstrom and Pritchard’s model: in
particular, we include selection between mitochondriaderive recursions for probabilities of identity between

different pairs of genes (genes from the same cell, from within cells, which is absent in Bergstrom and Pritch-
ard’s model, and we derive analytical results concerningthe same organism, from the same local population);

these recursions are then used to describe the popula- probabilities of fixation and frequency at mutation-
selection equilibrium at a single locus, while Bergstromtion at mutation-drift equilibrium and to obtain results

about the approach to the equilibrium. Other models and Pritchard obtained simulation results concerning
the rate of accumulation of deleterious mutations (Mul-have considered the effects of selection. Takahata and

Slatkin (1983) used a simulation model to study the ler’s ratchet) at several loci.
effects of the number of copies of the organelle genome
per individual, the number of loci in the genome, and

MODELthe rate of paternal transmission on the fixation rates
of new mutations; in this model, mutations can be ad- Life cycle: Definitions of the different parameters and

variables of the model are given in Table 1. We considervantageous or deleterious for the organism, while in-
traorganismal selection is absent. Takahata (1984) de- the following life cycle (represented in Figure 1). At

the beginning of each generation, the population con-rived approximations for the probability of fixation of
mutations in organelle genomes, assuming that selec- sists of n unicellular organisms, each containing N mito-

chondria. The number of mitochondria per cell thention can occur within the organism, but not between
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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
# Rate of biparental transmission
s m , s c Selection coefficients for allele A at the within- and between-cell levels
$, % Mutation rate per generation, from a to A ($) and from A to a (%)
& Scaling factor
pij , pi , p Frequency of allele A in mitochondrion j of cell i (pij), in cell i (pi), and in the whole

population (p), at the beginning of the life cycle
pi (b), p(b) Frequency of A in cell i and in the whole population, at the bottleneck stage
pi (g), p(g) Frequency of A in cell i and in the whole population, just before cell selection (when the

no. of mitochondria per cell has grown back to N)
pi (c), p(c) Frequency of A in cell i and in the whole population, just before cell fusion
fi j (b), fi j (g) Frequency of copies of mitochondrion ij in cell i at the bottleneck stage ( fi j (b)) and just

before cell selection ( fi j (g))
'i Probability that cell i is sampled to be part of the next generation
Wij Expected no. of copies that mitochondrion ij will transmit to the next generation
r, r D Probability that the ancestral lineages of two mitochondria sampled with (r) and without

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

C 1, C 2 Probability that two mitochondria sampled with replacement from the same cell just before
cell selection (C 1) and at the bottleneck stage (C 2) 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- sampled with replacement to form the next generation.
Finally, cells undergo sex: pairs of cells are formed ran-sume for simplicity that the B mitochondria are sampled

with replacement from the N mitochondria that were domly, fuse, and separate into two cells. During fusion,
mitochondria from one cell can pass to the other cellpresent in the cell (as is done in Bergstrom and

Pritchard 1998). The number of mitochondria per with probability # (more precisely, the two cells exchange
a number of mitochondria which are sampled in a bino-cell then goes back to N (the N mitochondria being

sampled with replacement among the B), and n cells are mial distribution of parameters N and #); # therefore

Figure 1.—Model life cycle (see text for
more explanation). The vertical arrow
marks the beginning of the life cycle.
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measures the rate of biparental inheritance: when # ( Nagylaki 1980; Roze and Rousset 2003; Wakeley
2003); as is discussed later, this required property is0, cells do not exchange mitochondria during sex (uni-

parental inheritance), while when # ( 1⁄2 , mitochon- present in our model. The diffusion method considers
limit processes where population size tends to infinity,dria from both cells are mixed randomly. This life cycle

therefore includes two events of drift within cells (when while selection coefficients tend to zero, assuming that
the products of population size and selection coeffi-the number of mitochondria per cell drops to B, and

when it goes back to N), and one event of drift be- cients tend to finite values in this limit (which are their
values under the finite population model considered).tween cells (when cells are sampled to form the next

generation). To do this, we write selection coefficients under the
form sm ( &s̃m, s c ( &s̃ c , where & is a small term and isWe assume that mitochondria are of two types: mutant

(A) and nonmutant (a). p measures the frequency of of order 1/n (thus when & tends to zero, n tends to in-
finity). In the following, we express the mean and vari-A in the whole population, pi the frequency of A in the

ith cell, and pij the frequency of A in the j th mitochon- ance of the change in frequency of A over a generation
drion of the i th cell; we assume that mitochondria are to the first order in & (and in 1/n). Approximations
haploid (which seems to be true in the human germline; for probabilities of fixation are readily obtained from
Jansen 2000), so that pij ( 0 or 1. After the bottleneck such expressions (Ewens 1979; Karlin and Taylor
stage (when the number of mitochondria per cell goes 1981).
from B to N), selection occurs between mitochondria We call )p the change in frequency of allele A over
within cells. To represent this selection, we assume that one generation and define M&p and V&p as
the probability that any of the N mitochondria present

M&p ( E[)p |p] (3)in the i th cell after the bottleneck comes from the j th
of the B mitochondria at the bottleneck stage is V&p ( E[()p)2 |p], (4)

where E[x] is the expectation of x, and p is the n -dimen-1
B

1 * smpij

1 * smpi (b)

, (1)
sional vector giving the frequencies of A in the n cells
of the population, at the beginning of a generation. We

where pi (b) is the frequency of A mitochondria in cell i see in the next sections that M&p and V&p take the forms
at the bottleneck stage (this equation corresponds to (with q ( 1 + p)
the classical Wright-Fisher model with selection); sm there-
fore measures the replication advantage (if sm ! 0) or M&p ( Spq * o(&) (5)
disadvantage (if sm " 0) of A mitochondria within cells.

Selection between cells occurs when cells are sampled V&p (
pq
Ne

* o(1/n), (6)
to form the next generation. To represent this selection,
we assume that each time a cell is sampled to be part where S and Ne depend on the model parameters, but
of the next generation, the probability of sampling the not on allele frequencies. From these expressions of
i th cell is M&p and V&p , the diffusion approximation for the proba-

bility of fixation of allele A, when present in frequency
'i (

1
n

1 * s cpi (g)

1 * s cp(g)

, (2) p in the population, is given by (e.g., Ewens 1979)

where pi (g) and p(g) are the frequencies of A mitochondria u(p) (
1 + exp[+2NeSp]
1 + exp[+2NeS]

. (7)
in cell i and in the whole population, respectively, once
the number of mitochondria per cell has grown back From S and Ne, we can also obtain the mean frequency
to N. Therefore, s c measures the effect of A mitochon- of a mutant allele at mutation-selection equilibrium.
dria on the cell’s performances: if s c ! 0, A mitochon- Assuming a constant mutation rate $ from a to A (per
dria have a beneficial effect for the cell, while if s c " 0 generation) and a back mutation rate % (from A to a),
they have a deleterious effect. where $ and % are small (of order &), the mean change

This model life cycle is similar to the one modeled by in frequency of A becomes
Bergstrom and Pritchard (1998), to the difference

M&p ( Spq * $q + %p * o(&), (8)that Bergstrom and Pritchard do not represent selection
within cells, while paternal transmission is not modeled

while the variance in allele frequency change, to the firstexactly the same way.
order, remains unchanged. From these expressions, theMethod: In the following, we use a diffusion model to
probability that allele A is present in frequency p in thecalculate the probability of fixation of allele A and its
population at equilibrium is given by (e.g., Ewens 1979)expected frequency at mutation-selection equilibrium.

It has been shown that diffusion approximations can φ(p) ( K exp[2NeSp]p 2Ne$+1q 2Ne%+1, (9)
be applied to subdivided populations, provided that co-
alescence occurs at different timescales (Ethier and where K is a constant such that probabilities sum to
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one. The expected frequency of A at equilibrium can M&p ( Spq * o(&) (15)
then be obtained by averaging over this distribution. withExpected change in allele frequency: To calculate M&p ,
we first define the fitness Wij of mitochondrion j present

S ( s c * !1 +
1
B "(1 + r)#sm + s c!1 +

1
N "$. (16)in cell i (at the beginning of the life cycle) as the ex-

pected number of copies that it will transmit to the next
In the next section we express r as a function of #, N,generation. With such a definition, the average fitness
and B. However, we can already note that when # ( 0equals 1, and the change in frequency of allele A over
(uniparental inheritance), r ( 1 (since the ancestrala generation is given by
lineages of two mitochondria sampled in the same cell
cannot move to different cells). In this case, S ( s c :M&p (

1
nN %

n

i(1
%
N

j(1

Wijpij + p . (10)
indeed, under strict uniparental inheritance (and with-
out recurrent mutation) cells become rapidly homoplas-

When & ( 0, M&p ( 0. To the first order in &, one has mic, and within-cell selection has no effect.
Variance in allele frequency change: To obtain the

M&p (
&

nN %
n

i(1
%
N

j(1

dWij

d&
pij * o(&). (11) probability of fixation of allele A , we also need to express

V&p . To the first order in 1/n, this is the variance in the
In appendix a we calculate Wij under our life cycle, to change in frequency of A over a generation, in the
the first order in &, and obtain neutral case. We show in appendix b that V&p is given by

Wij ( 1 * &s̃c(pij + p)
V&p (

pq
Ne

* o !1n ", (17)

* !1 +
1
B "#&s̃m + &s̃ c!1 +

1
N "$(pij + pi) * o(&).

where(12)

From this and from Equation 11 (and using the fact that Ne (
n

1 * (1 + r)[1 + 2(1 + 1/N)(1 + 1/B)]
.

p ij
2 ( pij), one arrives at

(18)
M &p ( s cpq * !1 +

1
B "#s m + s c!1 +

1
N "$(p + p 2

i ) * o(&), As discussed previously, r ( 1 under strict uniparental
(13) inheritance (# ( 0), and thus Ne simply equals n (the

number of cells in the population) in that case.where p 2
i denotes the average of p i

2 over all cells i . p 2
i is

Calculation of r : Finally, we need to express r, whichthe probability that two mitochondria sampled with re-
measures the probability that the ancestral lineages ofplacement from the same cell at the beginning of the
two mitochondria sampled with replacement from thelife cycle are both A . As we want to express M&p to the
same cell (at the beginning of the life cycle) stay in thefirst order in & only, it is sufficient to express this proba-
same cell and coalesce, in the limit as population sizebility when & tends to zero, that is, in the neutral case,
tends to infinity, and in the neutral case (as shownand when the number of individuals is infinite (remem-
above). Denoting rD the same probability for two mito-ber that & is of order 1/n). In this limit, p 2

i can be
chondria sampled without replacement from the sameexpressed as a function of p using the following argu-
cell, we havement: the ancestral lineages of two mitochondria sam-

pled in the same cell (at the beginning of the life cycle)
r (

1
N

* !1 +
1
N "rD. (19)can stay in the same cell lineage and coalesce (with a

probability that we call r) or move to different cells (with
A recursion for rD is given byprobability 1 + r), in which case they take an infinite

time to coalesce as the number of cells n tends to infinity.
(rD), ( [1 + 2#(1 + #)]#!1 +

1
B "!1 +

1
N "rDTherefore, at a finite time t sufficiently far in the past,

those two lineages have coalesced with probability r and
have not coalesced with probability 1 + r. If they have

* 1 + !1 +
1
B "!1 +

1
N "$. (20)

coalesced, the probability that their common ancestor
was A is p (since when & tends to zero and n tends to

Indeed, two mitochondria present in the same cell afterinfinity, the frequency of A does not change over the
sex were in the same cell before sex with probabilityfinite number t of generations), giving
1 + 2#(1 + #); in this case, they come from two different

p 2
i ( rp * (1 + r)p 2 * O(&) mitochondria at the previous generation with probabil-

ity (1 + 1/B)(1 + 1/N), while they coalesce during the
( p 2 * rpq * O(&). (14)

previous generation with probability 1 + (1 + 1/B)(1 +
1/N). Solving this recursion at equilibrium gives for r :Equations 13 and 14 finally give
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TABLE 2

Effects of a reduction in B (bottleneck size) and of an increase in ! (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 Decrease Decrease Increase or Increase or

decrease decrease
(Equation 23) (Equation 23)

p Decrease Increase Increase or Increase Decrease Increase or Increase Decrease
decrease decrease
(Equation 26) (Equation 26)

Effect of # on
u(p) Increase Decrease Increase or Decrease Increase Increase or Decrease Increase

decrease decrease
(Equation 25) (Equation 25)

p
Increase Decrease Increase or Decrease Increase Increase or Decrease Increase

decrease decrease
(Equation 26) (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).

r ( 1 +
2#(1 + #)(1 + 1/N)

1 + (1 + 1/B)(1 + 1/N)[1 + 2#(1 + #)]
. sm ! +

1
N

2#(1 + #)
1 * 2#(1 + #)

s c . (23)

(21)
Condition (23) indicates that, when the number of mito-

This expression can be plugged into Equations 16 and chondria per cell N is large, bottlenecks reduce the
18 to express S and Ne as functions of the different pa- fixation probability of A roughly when sm ! 0 (selfish
rameters of the model. and uniformly advantageous mutants) and increase the

fixation probability of A when sm " 0 (altruistic and uni-
formly deleterious mutants). It also shows that, when

RESULTS selection within cells is absent (sm ( 0), bottlenecks
reduce the fixation probability of mutations that are ad-The effects of bottlenecks and of paternal transmis-
vantageous for the cell (s c ! 0) and increase the fixationsion on fixation probabilities and average frequencies
probability of mutations that are deleterious for the cellat mutation-selection equilibrium are summarized in
(s c " 0). This result may seem surprising at first, becauseTable 2 and Figure 5.

Fixation probabilities: In the absence of recurrent bottlenecks increase the variance between cells, thus
mutations ($ ( % ( 0), the probability of fixation of al- increasing the effect of selection at the cell level. How-
lele A is given by Equation 7. From this expression, it ever, bottlenecks have another effect, which is to de-
is possible to show that the probability of fixation of A crease the effective population size of mitochondria, Ne

increases as the product NeS increases. The effect of (as is shown from Equations 18 and 21). Therefore,
bottlenecks on fixation probability is thus given by the bottlenecks increase the effect of genetic drift, which
sign of the derivative of NeS with respect to B : when reduces the fixation probability of advantageous mu-
this derivative is positive, bottlenecks (reductions in B) tants and increases the fixation probability of deleteri-
reduce the probability of fixation of A. From Equations ous mutants. From the overall effect of B on the NeS
16, 18, and 21, one obtains that this derivative has the product, one finds that, in our model, the effect on Ne
sign of predominates: bottlenecks increase the fixation proba-

bilities of mutants that are deleterious for the cell and2#(1 + #)(N + 1)(s c * Nsm) * N 2sm. (22)
decrease the fixation probability of advantageous mu-
tants for the cell.When the number of mitochondria per cell is not small,

The effect of the rate of biparental transmission onso that N + 1 & N, one thus obtains that bottlenecks re-
duce the probability of fixation of A when 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 (sm (
0.02, sc ( +0.01); (B) altruistic mu-
tant (sm ( +0.001, sc ( 0.02); (C) uni-
formly advantageous mutant (sm (
0.001, sc ( 0.02); (D) advantageous
mutant at the cell level (sm ( 0, sc (
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 (
50 (open circles), and B ( 100 (solid
circles).

of NeS with respect to #. From Equations 16, 18, and that biparental transmission reduces selection between
cells, while it increases selection within cells. Effects of21, one obtains that this derivative has the sign of
paternal transmission and bottlenecks on probabilities

+s c(N * B + 1) * smN(B + 1) (24) of fixation are illustrated by Figure 2, which also com-
pares our analytical solution with simulation results.(when 0 - # - 1⁄2) and therefore the probability of

fixation of A increases as # increases if Mutation-selection equilibrium: In the presence of re-
current mutations from a to A and from A to a, the
average frequency of A at equilibrium can be obtainedsm !

N * B + 1
N(B + 1)

s c . (25)
by integrating over the frequency distribution given by
Equation 9. Although we could not obtain any simpleThus, increasing the rate of biparental transmission in-
result concerning the effects of B and # from this fre-creases the fixation probability of selfish mutants (sm !
quency distribution, it is useful to consider the two fol-0, s c " 0) and decreases the fixation probability of altru-
lowing limit cases.istic mutants (sm " 0, s c ! 0), while it can increase or

In the first case, population size is very small, so thatdecrease the fixation probability of uniformly deleteri-
|NeS | . 1, Ne$ . 1, and Ne% . 1. In this case, the pop-ous and uniformly advantageous mutants, depending
ulation is fixed most of the time for one of the twoon the values of sm, s c , N, and B . This is due to the fact
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 a 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 |NeS | / 1,
Ne$ / 1, and Ne% / 1, the average frequency of A
can be approximated by the deterministic equilibriumFigure 3.—Average frequency of a selfish mutant at muta-
(calculated for the case of an infinite population); whention-selection equilibrium, as a function of population size n.
S " 0, this deterministic equilibrium is p ( +$/S (ne-The solid line corresponds to integration over the distribution

given by Equation 9, the dotted line to the approximation glecting back mutations). In this case, one thus neglects
obtained by assuming that the population is fixed most of the the effects of drift in the total population, and the dif-
time for one of the two alleles (small population size), and ferent parameters of the model affect average allelethe dashed line to the deterministic approximation +$/S

frequencies only through their effects on the selection(infinite population size). Parameter values are N ( 100, B (
10, sc ( +0.02, sm ( 0.005, # ( 0.05, $ ( 10+5, and % ( 10+6. coefficient S. Figure 3 compares the results obtained
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Figure 4.—Average frequency of
allele A at mutation-selection equilib-
rium, as a function of bottleneck size
B. Solid lines correspond to integra-
tion over the distribution given by
Equation 9, dashed lines to the deter-
ministic approximation +$/S, anddots
to simulation results. Parameter val-
ues are n ( 500, # ( 0.05, $ ( 10+3,
% ( 10+4, and N ( 100. (A) s m ( 0,
s c ( +0.01; (B) s m ( +0.01, sc ( 0;
(C) s m ( 0.005, s c ( +0.02.

from this approximation and from the previous approxi- dotted line (obtained from Equation 25) and increase
the fixation probability of mutants located below. In amation for small population size, with the more exact

results obtained by integrating over the distribution large population, reductions in both B and # decrease
given by Equation 9. The derivative of +$/S with respect the mean frequency of mutants located above the solid
to B has the sign of Nsm + (N + 1)s c . Therefore, when line and increase the frequency of mutants located be-
N is not small (i.e., N & N + 1), bottlenecks reduce the low. In a small population, effects on fixation probabili-
mean frequency of allele A approximately when ties and on mean frequencies are the same: reductions

sm ! s c . (26)

The derivative of +$/S with respect to # has also the
sign of Nsm + (N + 1)s c (when 0 - # - 1⁄2). Thus,
increasing the rate of biparental inheritance increases
the frequency of A when sm ! s c . 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 5.—Effects of bottlenecks and reduction in # on(Figure 4B), and selfish (Figure 4C). It also compares
the fixation probability and mean frequency of mitochondrialpredictions from the model with simulation results. mutants. The axes are selection coefficients at the cell and

Figure 5 summarizes results about fixation probabili- mitochondrial levels; mutants in the top left are selfish (* +),
those in the bottom left are uniformly deleterious (+ +),ties and mean frequency at mutation-selection equilib-
those in the top right are uniformly advantageous (* *), andrium. Mutants located in the top left corner of Figure 5
those in the bottom right are altruistic (+ *). In a largeare selfish (*+), those in the bottom left are uniformly
population, bottlenecks and reductions in # decrease thedeleterious (++), those in the top right are uniformly mean frequency of mutants (at mutation-selection equilib-

advantageous (**), and those in the bottom right are rium) above the solid line (from Equation 26) and increase
the frequency of mutants below it. Bottlenecks decrease thealtruistic (+*). Bottlenecks (reductions in B) decrease
fixation probability of mutants above the dashed line (fromthe fixation probability of mutations with values of s c and
Equation 23) and increase the fixation probability of mutantssm located in the area above the dashed line; although
below it. Reductions in # decrease the fixation probability ofthis line appears horizontal, it has a slightly negative mutants above the dotted line (from Equation 25) and in-

slope (given by Equation 23). Reductions in # decrease crease the fixation probability of mutants below it. Parameter
values are N ( 100, B ( 10, and # ( 0.05.the fixation probability of mutants located above the
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in B decrease the mean frequency of mutations located
in the area above the dashed line, while reductions in
# 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 M&p . Both bot-
tlenecks and reduced paternal transmission increase the Figure 6.—Average frequency of a selfish allele at mutation-

selection equilibrium, as a function of bottleneck size B, in thestrength of selection between cells and decrease the
absence of paternal transmission (# ( 0): simulation results.strength of selection within cells; therefore, reducing B
Parameter values are n ( 500, N ( 100, $ ( 10+3, % ( 10+4,and/or # decreases the frequency of selfish mutants sm ( 0.005, and sc ( +0.02.

and increases the frequency of altruistic mutants. When
selection acts in the same direction at both levels (uni-
formly deleterious and uniformly advantageous mu- probabilities and on mutation-selection equilibrium fre-

quencies. Finally, bottlenecks decrease the probabilitytants), bottlenecks and reduced paternal transmission
decrease the mutant frequency approximately when of fixation of selfish mutants and increase the probabil-

ity of fixation of altruistic mutants, except when selec-sm ! s c (Figure 5, solid line).
The effects of paternal transmission on fixation prob- tion within cells is very weak [condition (23)].

Our model stresses the fact that, without paternalabilities are qualitatively similar, but in the case of uni-
formly deleterious and uniformly advantageous mutants, transmission (# ( 0), bottlenecks and within-cell selec-

tion have no effect on probabilities of fixation: in thisthe sign of the effect is now given by condition (25).
Therefore, decreasing # will have different effects on case, S ( s c and Ne ( n . Indeed under strict uniparen-

tal inheritance, cells become rapidly homoplasmic, andthe mean mutation-selection equilibrium frequency and
on the probability of fixation of some of these mutants selection occurs only at the cell level. The mean fre-

quency at mutation-selection equilibrium also does not(unless population size is very small, in which case effects
on fixation probability and on mean frequency are the depend on B or on sm in our model when # ( 0; this

comes from the fact that we assumed that both selectionsame, as we argued earlier): reductions in # decrease
the probability of fixation, but increase the mean fre- and mutation were weak (intuitively, when the mutation

rate is small and without paternal transmission, cells arequency of uniformly advantageous (**) mutants lo-
cated between the dotted and solid lines in Figure 5, homoplasmic most of the time, and within-cell selection

has little effect). Under sufficiently strong mutation rates,while reductions in # increase the fixation probability,
but decrease the mean frequency of uniformly deleteri- however, bottlenecks affect mutant frequencies even

under strict uniparental transmission, as shown by Fig-ous mutants (++) located between those lines.
Bottlenecks decrease the effective population size Ne ure 6; however, one cannot use the diffusion method

in that case. Rispe and Moran (2000) analyzed a simula-and thus increase the effects of drift. Regarding proba-
bilities of fixation, this effect compensates the increased tion model of Muller’s ratchet in endosymbiotic bacte-

ria; their model includes a bottleneck stage during trans-strength of selection at the cell level: when selection
within cells is absent (sm ( 0), we find that bottlenecks mission to the next generation. Although transmission

is strictly uniparental, they found that bottlenecks de-increase the probability of fixation of mutations that are
deleterious for the cell and decrease the probability of crease the rate of accumulation of selfish mutations and

can increase or decrease the rate of accumulation offixation of advantageous mutations for the cell. There-
fore in the case of these mutants, bottlenecks have differ- uniformly deleterious mutations, depending on the rel-

ative strength of selection at the within- and between-ent qualitative effects on probabilities of fixation and
on frequencies at mutation-selection equilibrium; this organism levels.

Because bottlenecks and paternal transmission affectis due to the fact that drift affects fixation probabilities
to a greater extent than mutation-selection equilibrium differently the different types of mitochondrial muta-

tions, the evolution of modifiers affecting these traitsfrequencies (in a very large population, one can neglect
drift when calculating mutation-selection equilibrium should depend on the relative frequencies of the differ-

ent types of mutational events. For example, reducedfrequencies, but not when calculating fixation probabili-
ties). When selection occurs only within cells (s c ( 0), paternal transmission decreases the frequency of selfish

mutants and uniformly deleterious mutants with sm !the effects of bottlenecks through drift and through
selection go in the same direction: bottlenecks increase s c , but increases the frequency of mutants with sm " s c ;

therefore, uniparental inheritance decreases the fre-drift and decrease the strength of selection; therefore,
in this case, bottlenecks have the same effect on fixation quency of some mutations that are deleterious for the
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organism (selfish mutations in particular), but increases should have similar qualitative effects on within- and
between-cell selection and on genetic drift. However,the frequency of others, which are also deleterious for

the organism (those with sm " s c " 0). Similarly, uni- the relative strength of these effects may depend on the
details of the life cycle. The method presented in thisparental inheritance can either increase or decrease the

frequency of advantageous mutations for the organism, article can be applied to more complex life cycles, and
we have worked on various extensions of our model todepending on the relative values of sm and s c . Theoreti-

cal models investigating the conditions for the evolu- represent multicellular life cycles: for example, models
that represent organisms in which mitochondria do nottion of uniparental inheritance (Hastings 1992; Hurst

and Hamilton 1992; Law and Hutson 1992) have al- replicate during the first cell divisions of the development
(as in humans) so that the number of mitochondria perways considered the case of selfish mutations occur-

ring in organelle genomes; although these mutations cell decreases to reach a minimum and then increases
back. These multicellular models are more complicated,can be present at higher frequencies within populations,

uniformly deleterious mutations may occur more fre- but lead to essentially similar results concerning the
effects of bottlenecks and paternal transmission.quently. Therefore, new insights could be gained from

models that consider distributions of mutational effects We thank two anonymous reviewers for helpful comments and
at the mitochondria and organism levels. the Centre National de la Recherche Scientifique and Institut de

Recherche pour le Développement for financial support. This is articleHow do these results relate with previous results on
2005-028 of Institut des Sciences de l’Evolution.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-
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APPENDIX A

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

In the following, p(b) and pi (b) denote the frequency of A in the whole population and in cell i , respectively, at the
bottleneck stage, while fij (b) denotes the frequency of copies of mitochondrion ij in cell i , also at the bottleneck
stage. We then define p(g) 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 pi (g) is the frequency of A in cell i , and fij (g) is the frequency
of copies of mitochondrion ij in cell i .

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

Wij ( nN 0 E['i fi j (g)], (A1)

where 'i is given by Equation 2. To the first order in &, this is

Wij ( N 0 E[ fij(g)(1 * s c(pi (g) + p(g)))] * o(&)

( N(E[ fij(g)] * s cE[ fij (g)pi (g)] + s cE[ fij (g)p(g)]) * o(&). (A2)

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

E[ fij (g)p(g)] (
1
N

0 p * O(&). (A3)

E[ fij (g)pi (g)] is the probability of sampling one copy of mitochondrion ij and one A mitochondrion, after sampling
two mitochondria with replacement from cell i , just before selection between cells. With a probability that we call
C 1, 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/N, and mitochondrion j is of type A with probability pij . With
probability 1 + C 1, the two mitochondria come from two different mitochondria of cell i ; in this case, the first is
mitochondrion j with probability 1/N, while the second is A with probability (Npi + pij)/(N + 1). We therefore have

E[ fij (g)pi (g)] ( C 1
pij

N
* (1 + C 1)

1
N

Npi + pij

N + 1
* O(&), (A4)

where C 1 is given by

C 1 ( 1 + !1 +
1
B "!1 +

1
N "

2

. (A5)

It remains to express E[ fij (g)], to the first order in &. We have from Equation 1:

E[ fij (g)] ( E #(1 * smpij) fij (b)

1 * smpi (b)
$

( E[ fij (b)(1 * sm(pij + pi (b)))] * o(&)

( (1 * smpij)E[ fij (b)] + smE[ fij (b)pi (b)] * o(&). (A6)

We have E[ fij (b)] ( 1/N, while the same reasoning as above gives

E[ fij (b)pi (b)] ( C 2
pij

N
* (1 + C 2)

1
N

Npi + pij

N + 1
* O(&), (A7)
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where C 2 is the probability that two mitochondria sampled with replacement in cell i at the bottleneck stage come
from the same mitochondrion in cell i before the bottleneck:

C 2 ( 1 + !1 +
1
B "!1 +

1
N ". (A8)

Equations A2–A8 lead to

Wij ( 1 * s c(pij + p) * !1 +
1
B "#sm + !1 +

1
N "$(pij + pi) * o(&). (A9)

APPENDIX B

To the first order in 1/n, V&p 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(c), where p(c) is the frequency of
A in the whole population, just before cell fusion. Denoting pi (c) the frequency of A in cell i at this stage, we have

V&p ( Var #1n %
n

i(1

pi (c)$ * o !1n "
(

1
n 2 %

n

i(1

Var[pi (c)] *
1
n 2 %

n

i(1
%
n

j(1
j"i

Cov[pi (c), pj (c)] * o !1n ". (B1)

By symmetry, Var[pi (c)] and Cov[pi (c), pj (c)] are the same for all i and j , and we can write

V&p (
1
nVar[pi (c)] * !1 +

1
n "Cov[pi (c), pj (c)] * o !1n ". (B2)

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

Var[pi (c)] ( E[(pi (c))2] + E[pi (c)]2. (B3)

By symmetry, E[pi (c)] ( E[p(c)] ( p under neutrality. E[(pi (c)) 2] 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 2 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

Var[pi (c)] ( [1 + !1 +
1
N "!1 +

1
B "(1 + r)]pq * O !1n ". (B4)

To express Cov[pi (c), pj (c)], we proceed as follows. We have

Cov[pi (c), pj (c)] ( E[pi (c)pj (c)] + E[pi (c)]E[pj (c)]. (B5)

In the neutral case, E[pi (c)]E[pj (c)] ( p 2. E[pi (c)pj (c)] 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/n , 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 pipj . Since we need to calculate E[pi (c)pj (c)] to the first order in 1/n , we need to express pipj to the first
order in 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 2. With probability 1/n , both mitochondria are sampled
from the same cell, and the probability that they are both A is p 2 * rpq * 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 pipj , giving

p 2 (
1
n

(p 2 * rpq) * !1 +
1
n "pipj * o !1n " (B6)

and therefore
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pipj ( p 2 +
1
nrpq * o !1n ". (B7)

With probability 1/n , 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 2.

Putting everything together gives

Cov[pi (c), pj (c)] (
1
n

(1 + r)#1 + !1 +
1
N "!1 +

1
B "$pq * o !1n ". (B8)

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

V&p (
1
n #1 * (1 + r)#1 + 2 !1 +

1
N "!1 +

1
B "$$pq * o !1n ". (B9)


