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Selection for mitonuclear co-adaptation
could favour the evolution of two sexes
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Mitochondria are descended from free-living bacteria that were engulfed by another cell between one and

a half to two billion years ago. A redistribution of DNA led to most genetic information being lost or

transferred to a large central genome in the nucleus, leaving a residual genome in each mitochondrion.

Oxidative phosphorylation, the most critical function of mitochondria, depends on the functional com-

patibility of proteins encoded by both the nucleus and mitochondria. We investigate whether selection

for adaptation between the nuclear and mitochondrial genomes (mitonuclear co-adaptation) could, in

principle, have promoted uniparental inheritance of mitochondria and thereby the evolution of two

mating types or sexes. Using a mathematical model, we explore the importance of the radical differences

in ploidy levels, sexual and asexual modes of inheritance, and mutation rates of the nucleus and mito-

chondria. We show that the major features of mitochondrial inheritance, notably uniparental

inheritance and bottlenecking, enhance the co-adaptation of mitochondrial and nuclear genes and there-

fore improve fitness. We conclude that, under a wide range of conditions, selection for mitonuclear

co-adaptation favours the evolution of two distinct mating types or sexes in sexual species.
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1. INTRODUCTION
The advantages and disadvantages of sexual reproduction

are well known, if disputed [1]. The reason for the exist-

ence of two sexes in the vast majority of sexual organisms

is less celebrated and understood. While sex requires two

parents, there is no obvious need for these parents to be of

different sexes. At face value, two sexes seem to be the

worst of all possible worlds: individuals are restricted to

mating with half the population, which must have a selec-

tive cost if there is any difficulty in finding a mate. Either a

single sex or multiple sexes should be better, as both

would enable individuals to mate with a larger proportion

of the population.

Sexual dimorphism is grounded in anisogamy, in

which one sex, by definition the female, produces a few

large, immobile eggs, while the male produces greater

quantities of small, motile sperm. Parker et al. [2] pro-

posed that anisogamy evolved from an isogamous

population via disruptive selection. The hypothesis

assumes that zygote fitness increases with size, and that

gamete production has a number-size trade-off. While

this may be true, such trade-offs cannot explain the exist-

ence of two sexes (or strictly, mating types) in isogamous

species. Thus, the basis of two sexes precedes the evol-

ution of anisogamy and sexual dimorphism, and cannot

be ascribed solely to disruptive selection.

The distinction between the two mating types in iso-

gamous species typically relates to the inheritance of

cytoplasmic genes [3]. One ‘sex’ passes on mitochondrial
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genes, the other does not. The few exceptions typically

conform to the spirit of this generality. For example, the

multiple sexes of some slime moulds such as Physarum

polycephalum, and the thousands of mating types in

fungi such as Schizophyllum commune, do not contravene

the principle of uniparental inheritance of mitochondria

[4,5]. Likewise, the doubly uniparental inheritance

system of bivalve mussels, males receive mitochondria

from both parents, but these then segregate, with male

mitochondria entering the gonads and female mitochon-

dria committed to the soma [6]. From this point of

view, the best explanation for the asymmetry of the

sexes lies in the selective forces that led to uniparental

cytoplasmic inheritance.

Most theoretical work on the evolution of uniparental

cytoplasmic inheritance has concentrated on its role as a

mechanism to minimize selfish conflict between cyto-

plasmic elements [7–10]. It is argued that mixing

cytoplasmic elements from different parents may result

in conflict among them [8] or selection for good compe-

titors [9], in both cases at the cost of cell fitness. Various

authors have modelled these frameworks and concluded

that nuclear mutations which enforce uniparental trans-

mission of the cytoplasm are favoured by selection,

thereby eliminating the opportunity for conflict in the

zygote or the spread of selfish mutants [8–10]. This

seems reasonable even though there are some constraints

on the models. For instance, as noted by Birky [11] and

Hoekstra [12], mutations that induce uniparental inheri-

tance are only selected during the brief time window

when a selfish mutant is present, and before it spreads

to fixation. If such selection only operates occasionally,

selfish conflict might fall short of a general explanation

for the near-universality of uniparental inheritance.
This journal is q 2011 The Royal Society
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Box 1. Terms and definitions.

w fitness

M number of mitochondria

B bottleneck size

m mitochondrial mutation rate

n nuclear mutation rate

p proportion of allele 1 in the nucleus

q average proportion of allele 1 in the

mitochondria

w average population fitness

s2 variance in population fitness

Pw proportion of the population with fitness greater

than or equal to w
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In this paper, we explore a novel hypothesis for the

evolution of uniparental inheritance. In the early evol-

ution of mitochondrial symbiosis, a large fraction of the

mitochondrial genome migrated to the nucleus [13,14].

This means that adaptive evolution of the key mitochon-

drial function, oxidative phosphorylation, depends on

proteins encoded by two different genomes. There is

strong evidence across many eukaryotic orders, from

fungi and plants to invertebrates and mammals (including

humans) that the mitochondrial and nuclear genomes

have adapted to each other over evolutionary time

[15,16]. This evidence includes a concordance between

the evolutionary rates of mitochondrial and nuclear

genes encoding respiratory-chain subunits, a decline in

respiratory function in nuclear-cytoplasmic hybrids

(cybrids) and hybrid breakdown in introgressed popu-

lations caused by mitonuclear incompatibilities [17,18].

Could uniparental inheritance of mitochondria have

arisen to facilitate better co-adaptation of mitochondrial

and nuclear genes, and so explain the evolution of two

sexes [17,19]? Here, we explore this possibility using a

mathematical model of evolution in a unicellular organ-

ism with the ancestral state of biparental inheritance of

mitochondria. Our model explores the different modes

and tempi of inheritance and evolution of nuclear and

mitochondrial genes: different copy number (1 or 2 in

the nucleus versus many in mitochondria), different

mutation rates (typically lower in the nucleus) and differ-

ent patterns of inheritance (Mendelian in the nucleus;

uni/biparental and bottlenecks in mitochondria).

The model allows us to consider the consequences of

selection for mitonuclear co-adaptation. We do not con-

sider direct competition between uni- and biparental

inheritance of mitochondria here, as the dynamics of the

two modes of inheritance are known to be complex [9].

Here, we demonstrate that mitonuclear co-adaptation is

indeed improved with uniparental inheritance and mito-

chondrial bottlenecks under a wide range of conditions.

This shows that the requirement for co-adaptation could

have been an important force in the evolution of two sexes.
(a) Model of mitonuclear co-adaptation

To model co-adaptation between the nucleus and mito-

chondria, we consider a single gene in the nucleus that

interacts with a single gene in the mitochondria (see box 1

for model terminology). Both genes have two allelic states,
Proc. R. Soc. B (2012)
0 and 1. We assume that each cell contains a fixed

number M of haploid mitochondria. Let the diploid nuclear

state i¼ 1, 2, 3 represent the three possible genotypes (00),

(01) and (11), respectively. Let the mitochondrial state j,

where j [ f0, 1, . . ., Mg, represent a cell with j mitochondria

in state 1 and M 2 j mitochondria in state 0. Under this

model, there exist three possible nuclear states and M þ 1

mitochondrial states. It follows that any cell in the popu-

lation can be in 3(M þ 1) possible mitonuclear states.

Fitness is a function of the degree of matching between

genes in the nucleus and the mitochondria defined by:

wði; jÞ ¼

1� j

M

� �2

; if i ¼ 1

1� 1

2

j

M

� �2

� 1

2

M � j

M

� �2

; if i ¼ 2

1� M � j

M

� �2

; if i ¼ 3;

8>>>>>>>><
>>>>>>>>:

ð1:1Þ

where i is the nuclear state and j the mitochondrial

state. Since a cell contains many mitochondria, mitonuclear

mismatches that are present in only a few of a cell’s

mitochondria are likely to have a very minor fitness effect,

as is borne out by the relatively high threshold of mitochon-

drial mutations within a cell required to cause a significant

decline in oxidative phosphorylation in mitochondrial

diseases [20]. The decline in fitness should become increas-

ingly steep with greater mismatch, which justifies the choice

of the quadratic functions in equation (1.1) to describe fit-

ness (electronic supplementary material, figure S1).

Optimal fitness is achieved when the mitochondrial and

nuclear genes are fully matched.

To model the evolution of the system, we suppose a life

cycle composed of five steps (figure 1). The population of

unicellular organisms undergoes clonal expansion during

which it is subject to mutation and selection (the model’s

logic also applies to multi-cellular organisms). We do not

explicitly model this, but for simplicity impose mutation

(step one) followed by selection (step two). The pair of

nuclear genes mutates independently of each other and

of the mitochondrial genes with probability n. Mitochon-

drial genes mutate independently of each other and of

the nuclear genes with probability m. After mutation,

selection is imposed, with the change in the relative fre-

quency of each mitonuclear genotype being proportional

to its fitness as defined in equation (1.1).

Surviving cells then enter the sexual phase in which they

undergo meiosis and syngamy to produce the next gener-

ation. We assume that there is a mitochondrial bottleneck

before meiosis (step three). This imposes two rounds of

sampling: the first without replacement from a mitochon-

drial population of size M down to the bottleneck size B,

and the second with replacement from B up to M. The

bottleneck is simply a process of sampling and amplifica-

tion in the mitochondrial population of a cell, and the

precise mechanism by which this is achieved (e.g. physical

bottleneck or non-random segregation) is not relevant.

Each cell then undergoes meiosis (step four). The

cell’s population of mitochondria is doubled to 2M and

then reduced through two cell divisions to produce four

haploid gametes, each with M/2 mitochondria. At each

meiotic cell division, the mitochondrial genotypes of the

parent cell are randomly segregated between the two



1. mutation 2. selection

3. bottleneck

4. meiosis
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Figure 1. Schematic of the life cycle. A representative sample of unicellular organisms (large circles) containing a number of
haploid mitochondria (ovals) and a diploid nucleus (smaller circle) undergo steps 1–5 described in the main text. The mito-

chondria are shaded or left blank to represent the two states the mitochondrial genes may assume. The smallest circles in the
nucleus represent nuclear genes that are shaded or left blank to represent the two states genes may assume. B-1 and B-2 are the
two bottleneck stages as described in the main text. The dashed arrow represents the case where no bottleneck is assumed.
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daughter cells (i.e. sampling without replacement).

Gametes then randomly fuse with each other to form

the next generation of cells that re-enter the life cycle

(step five). Depending on the mode of mitochondrial

inheritance assumed, only one (uniparental inheritance)

or both (biparental inheritance) parents transmit their

mitochondrial genomes to the offspring (new cell). With

uniparental inheritance, the M/2 mitochondria inherited

from the transmitting sex are sampled with replacement

to restore the original number M. With biparental inheri-

tance, the mitochondrial genomes of the two parents are

conjoined to form a set of M mitochondria.

We assume an infinite population of cells thus neglect-

ing drift in nuclear genes. Note, however, that the

population of mitochondrial genes is of finite size, M,

and drift in the mitochondria is explicitly considered.

This life cycle can be described mathematically in an

exact manner (see the electronic supplementary material,

appendix). However, the complexity encompassed by the

biological process prevents us from solving analytically for

the equilibrium states. In order to investigate the asymp-

totic behaviour of the system we used numerical

simulation. The initial frequency of each mitonuclear

genotype was assigned from a uniform distribution

Uni(0,1) and then normalized so that the frequencies

sum to 1. We let the population evolve according to

steps 1–5. We assume that equilibrium has been reached

when the maximum of all changes in relative genotype

frequency across a generation is smaller than an appropri-

ately small value 1 (see the electronic supplementary

material, appendix).
2. RESULTS
We ran simulations for a variety of parameter values

(see the electronic supplementary material, appendix for
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more details) and compared the genotype distributions at

equilibrium under uniparental and biparental mitochon-

drial inheritance. Depending on p0, the initial frequency

of allele 1 in the nucleus, and q0, the initial frequency of

allele 1 in the mitochondria, the population converged on

either nuclear state (11) or (00) (electronic supplementary

material, figure S2). This was the case with both uni-

parental and biparental inheritance of mitochondria.

The heterozygous case (01) was never found to be

attractive within the parameter sets employed in our

study. This outcome follows from the assumption of

additive effects, as the mitochondria can match a

homozygous nucleus better than a heterozygote (see

equation (1.1)). With a heterozygous nucleus, mitochon-

drial and nuclear genes can never be in full agreement.

As a result, the nucleus always converges to one of the

homozygous states along with matching mitochondria,

dependent on initial conditions (electronic supplementary

material, figure S2).

In order to compare the fitness under uniparental or

biparental inheritance of mitochondria we plotted the

population fitness distributions at equilibrium. These

were generally skewed to the right (the fittest states,

figure 2). A number of statistical measures were calcu-

lated in order to capture the distribution of genotypes at

equilibrium, in particular, the population mean fitness

and variance (w and s2, respectively), as well as Pw , the

percentage of the population having fitness greater than

a value w (e.g. w ¼ 0.9 or 0.95). The latter measures

act as good indicators of the population concentration

around the fittest state. We also measured the average

mitochondrial variation within individuals in the

population, h. This is a measure of mitochondrial

heteroplasmy in the population. The values of these stat-

istics are given for a wide range of parameter values

in table 1.
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Figure 2. Population fitness density under uniparental (red lines) and biparental (black lines) mitochondrial inheritance for m ¼
0.01; n ¼ 0.001 and different values for the pair (M, B). (a–c) Parameter values with no bottleneck (M, B) equal to (200,—),
(100,—) and (50,—), respectively. (d–f) Parameter values with bottlenecks (M, B) equal to (100,10), (50, 10) and (50, 5),

respectively.

Table 1. Summary statistics for different parameter sets (M, B, m, n). (The statistics w and s2 are the mean and variance of

the population fitness, and P0.95 and P0.9 are the proportion of the population with fitness greater than 0.95 and 0.9,
respectively. h is the within cell variance in the mitochondria.)

uniparental biparental

(M,B,m,n) w s2 P0.95 P0.9 h w s2 P0.95 P0.9 h

(a) simple model with no bottleneck
1. (200, —, 0.01, 0.001) 0.945 0.0034 61.6 83.8 0.151 0.826 0.0013 1.06 � 1024 1.04 0.242

2. (150, —, 0.01, 0.001) 0.951 0.0036 66.2 85.6 0.138 0.841 0.0016 0.113 5.33 0.238
3. (100, —, 0.01, 0.001) 0.965 0.0042 79.7 89.8 0.119 0.865 0.0020 0.728 21.2 0.230
4. (50, —, 0.01, 0.001) 0.972 0.0048 85.9 91.5 0.0866 0.904 0.0026 19.0 56.6 0.208

(b) effect of bottleneck
5. (200, 100, 0.01, 0.001) 0.960 0.0039 75.7 88.5 0.113 0.871 0.0021 1.42 29.2 0.225
6. (200, 50, 0.01, 0.001) 0.966 0.0042 80.5 90.0 0.0930 0.896 0.0025 11.0 53.7 0.210

7. (200, 10, 0.01, 0.001) 0.978 0.0059 89.9 93.6 0.0396 0.950 0.0035 64.8 85.7 0.139
8. (100, 50, 0.01, 0.001) 0.969 0.0045 83.3 90.4 0.0821 0.909 0.0027 22.2 63.4 0.2008
9. (100, 25, 0.01, 0.001) 0.973 0.0050 86.4 91.7 0.0639 0.928 0.0030 42.9 76.2 0.179

10. (100, 10, 0.01, 0.001) 0.978 0.0060 90.5 93.9 0.0388 0.952 0.0035 67.2 85.9 0.136
11. (50, 25, 0.01, 0.001) 0.977 0.0056 89.2 92.9 0.0466 0.938 0.0032 55.0 79.9 0.167

12. (50, 10, 0.01, 0.001) 0.979 0.0063 91.5 94.1 0.0320 0.955 0.0034 71.2 86.2 0.129

(c) varying m and n

13. (50, 10, 0.001, 0.001) 0.997 0.0011 98.9 99.2 0.00352 0.993 0.00074 97.5 99.2 0.0358
14. (50, 10, 0.001, 0.01) 0.988 0.0055 97.1 97.4 0.00359 0.983 0.0051 95.1 97.0 0.0391
15. (50, 10, 0.1, 0.01) 0.821 0.040 37.6 48.3 0.163 0.778 0.15 7.17 17.3 0.228

16. (50, 10, 0.5, 0.01) 0.711 0.022 4.97 9.48 0.214 0.734 0.0095 1.11 4.22 0.237
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(a) Simple model with no bottleneck

In the absence of a bottleneck, uniparental inheritance

always gave a higher mean and variance of the population

fitness (table 1a). The values of Pw were also higher with

uniparental inheritance and this can be seen from the

heavy skewedness of the distribution under uniparental

inheritance (figure 2a–c). So the higher variance under

uniparental inheritance was owing to a highly skewed dis-

tribution with a high concentration of genotypes in the

fittest states plus a long tail. By contrast, biparental

inheritance generated a more normally distributed range
Proc. R. Soc. B (2012)
of fitness around the mean. Finally, mitochondrial hetero-

plasmy was notably lower under uniparental inheritance

(table 1a) as has been shown previously [21].

Mean fitness decreased with larger numbers of mito-

chondria per cell (M) under both modes of inheritance

(table 1a). Likewise, Pw values dropped and heteroplasmy

increased (table 1). Uniparental inheritance, unlike bipar-

ental inheritance, maintained high levels of mitonuclear

matching for larger values of M (figure 3a,b). The fitness

advantage of uniparental inheritance, both in mean fitness

and P0.9, P0.95 increased with M (figure 3a,b). Likewise,
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the heteroplasmy measure h, increased with M, under both

modes of inheritance, albeit substantially faster with

biparental than with uniparental inheritance (figure 3c).
(b) Effect of a bottleneck

When a bottleneck was included in the model, the population

fitness distribution improved under both modes of inheri-

tance. The tighter the bottleneck, the higher the resulting

fitness distribution (both w and P0.9, P0.95) and the lower

the level of mitochondrial heteroplasmy (table 1) under

both modes of inheritance. Bottlenecks had the general

effect of decreasing the distinction between uniparental and

biparental inheritance (figure 2d– f and table 1b). Interest-

ingly, when a very tight bottleneck was assumed, the

number of mitochondria per cell seemed to have less of an

effect on the fitness distribution. This can be seen with a bot-

tleneck B¼ 10, contrasting the number of mitochondria

M¼ 200, 100 and 50 (table 1b, rows 7, 10 and 12, respect-

ively). There was little difference in mean fitness under

uniparental and biparental inheritance with this very tight

bottleneck. The opposite was the case without a bottleneck

(table 1a; rows 1, 3 and 4). To illustrate the dynamic effect

of the coupling (M, B) on the distinction between the two

modes of inheritance, we generated a contour plot for the

difference in mean fitness (w) under the two modes of inheri-

tance (uniparental minus biparental), for different values of
Proc. R. Soc. B (2012)
M and relative bottleneck size M/B (figure 3d). This shows

that the advantage of uniparental inheritance is greater for

high values of M and less tight bottlenecks.
(c) Varying m and n

In the analysis above, we assumed that the mitochondrial

mutation rate (m) exceeded the nuclear mutation rate (n).

When this pattern of mutation was reversed (table 1c; row

13 n ¼ m, row 14 n . m), the advantage of uniparental

over biparental inheritance was smaller (figure 4). On

the other hand, increasing m while keeping n fixed

resulted in a greater advantage of uniparental inheritance

(table 1c; row 14,15). However, when m was increased

beyond a threshold value, the distinction between unipar-

ental and biparental inheritance decreased and biparental

inheritance gave higher average fitness, although the value

of P0.9 and P0.95 were always higher for uniparental

inheritance (table 1c, row 16; figure 4).

This initially puzzling result can be explained as

follows. When the mitochondrial mutation rate becomes

very high, all cells are kept in a state of considerable

mitochondrial heteroplasmy (table 1). This selects for

heterozygosity in the nucleus. Even though segregation

of the nuclear genes results in a high frequency of

homozygotes, net selection can favour a more even rep-

resentation of the 0 and 1 alleles in the mitochondria of
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progeny. So above a high threshold of mitochondrial

mutation rate, biparental inheritance is favoured over

uniparental inheritance. This is unlikely to be of relevance

under natural circumstances.
3. DISCUSSION
Our results suggest that uniparental inheritance of mito-

chondria improves mitonuclear co-adaptation. Uniparental

inheritance increased the mean population fitness (w) and

the proportion of the population with high-fitness genotypes

(P0.9 and P0.95; table 1 and figure 2a–c). These outcomes

can be explained in two ways. Biparental inheritance

reduces the variance in mitochondrial states between cells,

which increases heteroplasmy in zygotes. This is disadvanta-

geous as it interferes with co-adaptation, which requires

matching of the mitochondria population to the nuclear

background. In our model, the optimal state towards

which the population evolves contains a homozygous

nucleus (either (00) or (11)) with corresponding homoplasy

in the mitochondria (state 0 or 1, respectively), to complete

co-adaptation between the nucleus and mitochondria. Once

a population is near to this state, fitness is improved if

heteroplasmy is minimized. This is better achieved by

uniparental inheritance, which precludes the mixing of

mitochondrial populations in the zygote. A second way of

formulating this advantage is to note that the higher var-

iance between individuals generated under uniparental

inheritance improves the efficiency of selection. This per-

mits selection to amplify the frequency of optimal
Proc. R. Soc. B (2012)
genotypes, allowing the population to evolve closer to the

optimal state. We can see this in the skewed distribution

of fitness under uniparental inheritance with a high fre-

quency of individuals attaining maximum fitness (figure

2a–c). This outcome follows from our assumption that

selection is concave down and so reaches a plateau as the

number of matching mitochondria increases (electronic

supplementary material, figure S1 and equation (1.1)).

We also examined the effect of a mitochondrial bottle-

neck before meiosis. This had a beneficial effect on

mitonuclear co-adaptation under both modes of inheri-

tance (figure 2). Both the mean population fitness (w)

and the proportion of the population with high-fitness

genotypes (P0.9 and P0.95) were improved when a bottle-

neck was assumed (table 1). Decreasing the bottleneck

size had a positive effect on the fitness distribution

(table 1 and figure 2d– f ). The effects of a bottleneck

were similar to those generated by uniparental inheri-

tance. Bottlenecks are a sampling process that reduce

heteroplasmy and increase the variation between zygotes,

and so increase the efficiency of selection (table 1), a con-

clusion drawn before in other modelling contexts [21,22].

In general, bottlenecks had larger effects on biparental

inheritance, reducing the advantage of uniparental over

biparental inheritance. This was especially true when

the bottleneck was very tight (figure 3d, high M/B).

Our model explicitly considers an idealized unicellular

life cycle (figure 1). In this context, we can interpret the

bottleneck step as equivalent to mitochondrial segre-

gation during cell division in the clonal expansion phase
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of the life cycle. The results, therefore, suggest that if uni-

cellular species originally had few mitochondria and

biparental inheritance, there would only have been weak

selection in favour of the evolution of uniparental inheri-

tance. Mitochondrial segregation during cell division

might have been sufficient to restrict heteroplasmy and

so maintain adaptation. However, in lineages where the

number of mitochondria per cell increased, there would

have been a much greater advantage generated by the

switch to uniparental inheritance. Thus, uniparental

inheritance may have been a prerequisite for mitonuclear

co-adaptation in multi-cellular organisms with higher

energy requirements and larger populations of mitochon-

dria per cell. It is notable that organisms such as yeast

(Saccharomyces cerevisiae and Schizosaccharomyces pombe)

have a small number of mitochondria (less than 100)

and do indeed lack uniparental inheritance [11,23,24].

Their mode of inheritance involves biparental inheritance

of mitochondria followed by mitochondrial segregation.

Plainly, this is sufficient to maintain mitonuclear

function, as predicted by our model.

Our model also has implications for multi-cellular

organisms, where true germline bottlenecking occurs

[21,22]. In line with our results, true bottlenecks are

only observed in large organisms with large numbers of

mitochondria [25–27]. The tightness of the bottleneck

varies across species and correlates with litter size (species

with small litters having tighter bottlenecks) [28]. This

fits our expectations, because the smaller the litter, the

greater the need for offspring fitness to be assured,

hence likewise for mitonuclear co-adaptation. From our

results, we also predict that species with higher aerobic

capacity, such as birds with powered flight, should also

exhibit very tight bottlenecks [17,18,29].

In our model, optimal fitness can only be achieved by

the homozygote states. This relates to our assumption

that the nuclear genes are additive in their effect on mito-

chondria and both alleles are equally active. The additive

assumption seems a natural one, as the population of

mitochondria are likely to interact with the gene products

of both nuclear alleles. To ensure that the preference for

homozygous states was not an artefact of the additive

assumption in our model, we considered a situation in

which there was an advantage for heterozygotes (see the

electronic supplementary material, appendix). Even in

these cases, the population converged to the homozygous

state. This is related to the pattern of Mendelian inheri-

tance. A population can never be fully heterozygous

because heterozygous parents will always give rise to 50

per cent of homozygous children. Therefore, even if the

heterozygotes reach optimum fitness, their homozygous

offspring will be significantly less fit, eventually pushing

the population to one of the homozygous states.

We focused on mutation rates in which the mitochon-

drial rate (m) was 10 times faster than the nuclear rate (n).

This difference seems appropriate for animals and fungi,

where mitochondrial evolution rates are typically an

order of magnitude greater than nuclear rates [30,31].

Note that a mutation in our model signifies a shift from

one state to another, and is therefore commensurate

with long-term evolutionary rates rather than mutations

in nucleotide sequence, which can range over several

orders of magnitude. In general, we found that uniparen-

tal inheritance was favoured whenever the mitochondrial
Proc. R. Soc. B (2012)
mutation rate was greater than the nuclear mutation rate

(table 1 and figure 4a,c). We also considered the reverse

case (table 1 and figure 4b,d), which is perhaps more

representative of plants, where nucleotide substitution

rates are lower in the mitochondria than in the nucleus

[32,33]. In this case, the benefit of uniparental inheri-

tance was lower. This might help to explain why

heteroplasmy is more common in angiosperms [34].

In conclusion, our model suggests that selection for

mitonuclear co-adaptation may favour the evolution of

uniparental inheritance in unicellular organisms, particu-

larly when the number of mitochondria is large. Likewise,

our model predicts the combination of uniparental inheri-

tance with germline bottlenecking in larger multi-cellular

organisms. Such asymmetric passage of mitochondria in

the germline is the deepest evolutionary distinction

between the two sexes. Our work illustrates a fundamental

principle of uniparental inheritance, namely the capacity

to generate greater variation and so facilitate selection

for mitonuclear co-adaptation. Conversely, biparental

inheritance, by mixing different populations of mitochon-

dria, restricts the evolution of optimal mitonuclear

combinations. While these findings can explain the evol-

ution of two sexes in principle, further work exploring the

evolutionary invasion of uniparental mutants in biparental

populations is needed. We expect that, given the difference

in fitness between the two modes of inheritance illustrated

here, the requirement for mitonuclear co-adaptation will

be an important force favouring the establishment of uni-

parental inheritance and the evolution of two distinct sexes.
Z.H. was supported by a CoMPLEX PhD studentship from
the Engineering and Physical Sciences Research Council,
A.P. by grants from Natural Environment Research Council
(NE/G00563X/1) and Engineering and Physical Sciences
Research Council (EP/F500351/1, EP/I017909/1). N.L. is
grateful for funding from the UCL Provost’s Venture
Research Fellowship. We are grateful for the comments of
two referees who helped improve this manuscript.
REFERENCES
1 Keightley, P. D. & Otto, S. P. 2006 Interference among

deleterious mutations favours sex and recombination in
finite populations. Nature 443, 89–92. (doi:10.1038/
nature05049)

2 Parker, G. A., Smith, V. G. F. & Baker, R. R. 1972 Origin
and evolution of gamete dimorphism and male-female

phenomenon. J. Theor. Biol. 36, 529–553. (doi:10.
1016/0022-5193(72)90007-0)

3 Birky, C. W. 2001 The inheritance of genes in mitochon-
dria and chloroplasts: laws, mechanisms, and models.
Annu. Rev. Genet. 35, 125–148. (doi:10.1146/annurev.

genet.35.102401.090231)
4 Kawano, S., Anderson, R. W., Nanba, T. & Kuroiwa, T.

1987 Polymorphism and uniparental inheritance of
mitochondrial DNA in Physarum polycephalum. J. Gen.
Microbiol. 133, 3175–3182.

5 Raper, J. R. 1966 Genetics of sexuality in higher fungi.
New York, NY: Ronald Press Co.

6 Zouros, E., Ball, A. O., Saavedra, C. & Freeman, K. R.
1994 An unusual type of mitochondrial DNA inheritance

in the blue mussel Mytilus. Proc. Natl Acad. Sci. USA 91,
7463–7467. (doi:10.1073/pnas.91.16.7463)

7 Cosmides, L. M. & Tooby, J. 1981 Cytoplasmic
inheritance and intragenomic conflict. J. Theor. Biol. 89,
83–129. (doi:10.1016/0022-5193(81)90181-8)

http://dx.doi.org/10.1038/nature05049
http://dx.doi.org/10.1038/nature05049
http://dx.doi.org/10.1016/0022-5193(72)90007-0
http://dx.doi.org/10.1016/0022-5193(72)90007-0
http://dx.doi.org/10.1146/annurev.genet.35.102401.090231
http://dx.doi.org/10.1146/annurev.genet.35.102401.090231
http://dx.doi.org/10.1073/pnas.91.16.7463
http://dx.doi.org/10.1016/0022-5193(81)90181-8


1872 Z. Hadjivasiliou et al. The evolution of two sexes
8 Hurst, L. D. & Hamilton, W. D. 1992 Cytoplasmic fusion
and the nature of sexes. Proc. R. Soc. Lond. B 247,
189–194. (doi:10.1098/rspb.1992.0027)

9 Hutson, V. & Law, R. 1993 Four steps to two sexes.
Proc. R. Soc. Lond. B 253, 43–51. (doi:10.1098/rspb.
1993.0080)

10 Hoekstra, R. F. 1982 On the asymmetry of sex: evolution
of mating types in isogamous populations. J. Theor. Biol.
98, 427–451. (doi:10.1016/0022-5193(82)90129-1)

11 Birky, C. W. 1995 Uniparental inheritance of mitochon-
drial and chloroplast genes: mechanisms and evolution.
Proc. Natl Acad. Sci. USA 92, 11 331–11 338. (doi:10.

1073/pnas.92.25.11331)
12 Hoekstra, R. F. 2011 Nucleo-cytoplasmic conflict and

the evolution of gamete dimorphism. In The evolution of
anisogamy (eds T. Togashi & P. A. Cox), pp. 111–130.
Cambridge, UK: Cambridge University Press.

13 Gray, M. W., Burger, G. & Lang, B. F. 1999 Mitochon-
drial evolution. Science 283, 1476–1481. (doi:10.1126/
science.283.5407.1476)

14 Esser, C. et al. 2004 A genome phylogeny for mitochon-
dria among alpha-proteobacteria and a predominantly

eubacterial ancestry of yeast nuclear genes. Mol. Biol.
Evol. 21, 1643–1660. (doi:10.1093/Molbev/Msh160)

15 Blier, P. U., Dufresne, F. & Burton, R. S. 2001 Natural
selection and the evolution of mtDNA-encoded peptides:
evidence for intergenomic co-adaptation. Trends Genet.
17, 400–406. (doi:10.1016/S0168-9525(01)02338-1)

16 Dowling, D. K., Friberg, U. & Lindell, J. 2008 Evolution-
ary implications of non-neutral mitochondrial genetic
variation. Trends Ecol. Evol. 23, 546–554. (doi:10.1016/

J.Tree.2008.05.011)
17 Lane, N. 2011 Mitonuclear match: optimizing fitness

and fertility over generations drives ageing within gener-
ations. BioEssays 33, 860–869. (doi:10.1002/bies.
201100051)

18 Lane, N. 2011 Evolution. The costs of breathing. Science
334, 184–185. (doi:10.1126/science.1214012)

19 Lane, N. 2005 Power, sex, suicide: mitochondria and the
meaning of life, vol. 8. Oxford, UK: Oxford University
Press.

20 Adkins, R. M., Honeycutt, R. L. & Disotell, T. R. 1996
Evolution of eutherian cytochrome c oxidase subunit II:
heterogeneous rates of protein evolution and altered inter-
action with cytochrome c. Mol. Biol. Evol. 13, 1393–1404.

21 Bergstrom, C. T. & Pritchard, J. 1998 Germline

bottlenecks and the evolutionary maintenance of
mitochondrial genomes. Genetics 149, 2135–2146.

22 Roze, D., Rousset, F. & Michalakis, Y. 2005 Germline
bottlenecks, biparental inheritance and selection on
Proc. R. Soc. B (2012)
mitochondrial variants: a two-level selection model.
Genetics 170, 1385–1399. (doi:10.1534/genetics.104.
039495)

23 Thrailkill, K. M. & Birky, C. W. 1980 Intracellular
population genetics: evidence for random drift of mito-
chondrial allele frequencies in Saccharomyces cerevisiae
and Schizosaccharomyces pombe. Genetics 96, 237–262.

24 Hermann, G. J. & Shaw, J. M. 1998 Mitochondrial

dynamics in yeast. Annu. Rev. Cell. Dev. Biol. 14,
265–303. (doi:10.1146/annurev.cellbio.14.1.265)

25 Rand, D. M. 2001 The units of selection on mitochon-
drial DNA. Annu. Rev. Ecol. Syst. 32, 415–448.

(doi:10.1146/annurev.ecolsys.32.081501.114109)
26 Jansen, R. P. S. & de Boer, K. 1998 The bottleneck:

mitochondrial imperatives in oogenesis and ovarian
follicular fate. Mol. Cell. Endocrinol. 145, 81–88.
(doi:10.1016/S0303-7207(98)00173-7)

27 Hauswirth, W. W. & Laipis, P. J. 1985 Transmission
genetics of mammalian mitochondria: a model and
experimental evidence. In Achievements and perspectives
of mitochondrial research (eds E. Quagliariello, E. C.
Slater, F. Palmieri, C. Saccone & A. M. Kroon), pp.

49–59. Amsterdam, The Netherlands: Elsevier Science.
28 Krakauer, D. C. & Mira, A. 1999 Mitochondria and

germ-cell death. Nature 400, 125–126. (doi:10.1038/
22026)

29 Lane, N. 2008 Low variability on the W chromosome in

birds is more likely to indicate selection on mitochondrial
genes. Heredity 100, 444–445. (doi:10.1038/Hdy.2008.9)

30 Lynch, M., Koskella, B. & Schaack, S. 2006 Mutation
pressure and the evolution of organelle genomic architec-

ture. Science 311, 1727–1730. (doi:10.1126/science.
1118884)

31 Nabholz, B., Glemin, S. & Galtier, N. 2008 Strong
variations of mitochondrial mutation rate across mam-
mals—the longevity hypothesis. Mol. Biol. Evol. 25,

120–130. (doi:10.1093/molbev/msm248)
32 Palmer, J. D. & Herbon, L. A. 1988 Plant mitochondrial

DNA evolves rapidly in structure, but slowly in sequence.
J. Mol. Evol. 28, 87–97. (doi:10.1007/BF02143500)

33 Wolfe, K. H., Li, W. H. & Sharp, P. M. 1987 Rates of

nucleotide substitution vary greatly among plant mito-
chondrial, chloroplast, and nuclear DNAs. Proc. Natl
Acad. Sci. USA 84, 9054–9058. (doi:10.1073/pnas.84.
24.9054)

34 Zhang, Q., Liu, Y. & Sodmergen 2003 Examination of

the cytoplasmic DNA in male reproductive cells to deter-
mine the potential for cytoplasmic inheritance in 295
angiosperm species. Plant Cell. Physiol. 44, 941–951.
(doi:10.1093/pcp/pcg121)

http://dx.doi.org/10.1098/rspb.1992.0027
http://dx.doi.org/10.1098/rspb.1993.0080
http://dx.doi.org/10.1098/rspb.1993.0080
http://dx.doi.org/10.1016/0022-5193(82)90129-1
http://dx.doi.org/10.1073/pnas.92.25.11331
http://dx.doi.org/10.1073/pnas.92.25.11331
http://dx.doi.org/10.1126/science.283.5407.1476
http://dx.doi.org/10.1126/science.283.5407.1476
http://dx.doi.org/10.1093/Molbev/Msh160
http://dx.doi.org/10.1016/S0168-9525(01)02338-1
http://dx.doi.org/10.1016/J.Tree.2008.05.011
http://dx.doi.org/10.1016/J.Tree.2008.05.011
http://dx.doi.org/10.1002/bies.201100051
http://dx.doi.org/10.1002/bies.201100051
http://dx.doi.org/10.1126/science.1214012
http://dx.doi.org/10.1534/genetics.104.039495
http://dx.doi.org/10.1534/genetics.104.039495
http://dx.doi.org/10.1146/annurev.cellbio.14.1.265
http://dx.doi.org/10.1146/annurev.ecolsys.32.081501.114109
http://dx.doi.org/10.1016/S0303-7207(98)00173-7
http://dx.doi.org/10.1038/22026
http://dx.doi.org/10.1038/22026
http://dx.doi.org/10.1038/Hdy.2008.9
http://dx.doi.org/10.1126/science.1118884
http://dx.doi.org/10.1126/science.1118884
http://dx.doi.org/10.1093/molbev/msm248
http://dx.doi.org/10.1007/BF02143500
http://dx.doi.org/10.1073/pnas.84.24.9054
http://dx.doi.org/10.1073/pnas.84.24.9054
http://dx.doi.org/10.1093/pcp/pcg121

	Selection for mitonuclear co-adaptation could favour the evolution of two sexes
	Introduction
	Model of mitonuclear co-adaptation

	Results
	Simple model with no bottleneck
	Effect of a bottleneck
	Varying µ and ν

	Discussion
	Z.H. was supported by a CoMPLEX PhD studentship from the Engineering and Physical Sciences Research Council, A.P. by grants from Natural Environment Research Council (NE/G00563X/1) and Engineering and Physical Sciences Research Council (EP/F500351/1, EP/I017909/1). N.L. is grateful for funding from the UCL Provost’s Venture Research Fellowship. We are grateful for the comments of two referees who helped improve this manuscript.
	REFERENCES


