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Abstract

Selection within the individual may have played a critical and creative role in evolution, boosting the survival
chances of mutations beneficial to the cell and the individual, hindering the spread of deleterious mutations, and
reducing the genetic load imposed on the population. We review the literature and present new results to describe
the effects of cell-lineage selection on the rate and fixation probability of new mutations. Cell-lineage selection can
alter these quantities by several orders of magnitude. Cell-lineage selection is especially important in the case of
rare recessive mutations, which are hidden from selection at the individual level but may be exposed to selection
at the cellular level. Because selection within the individual acts as a sieve eliminating deleterious mutations and
increasing the frequency of beneficial ones, mutations observed among progeny will have been pre-selected and
are more likely to increase cell proliferation than would randomly generated mutations. Although many authors
have focused on the potential conflict between selection at the cellular and individual levels, it must be much more
common that the two levels act concordantly. When selection at the cell and individual levels act in a cooperative
manner, increased rather than decreased opportunity for germline selection will be favored by evolution.

Introduction

One of the great puzzles raised by J.B.S. Haldane
(1937, 1957) was how could selection, in an organism
with thousands of genes, act on even a small fraction
of the segregating alleles within a population without
leading to an extremely high variance in fitness and an
intolerably large number of selective deaths. In a recent
publication, G.C. Williams made the pertinent obser-
vation that Haldane’s dilemma concerning the cost of
natural selection has not been solved,merely that inves-
tigators have moved on to worry about other problems
(Williams, 1992, pp. 143–148). It has generally been
assumed that differential fitness is manifest in terms
of a decreased survival or fertility of individuals. In
this paper, we will explore selection acting at a dif-
ferent level, as differential survival or replication of
cells during the development of an individual. We will
argue that selection among cells may play a pivotal role
in eliminating deleterious mutations and in spreading

novel advantageous alleles. The mutation load and the
cost of selection may, therefore, be paid in currencynot
at the individual level but rather at the cellular level.

Selection among cells during the development of
an individual has played only a cameo role in pop-
ulation genetics theory. The most compelling argu-
ment for ignoring selection within an individual is that
all cells within a multicellular individual are recent-
ly derived from a common single-celled ancestor (the
zygote or spore) and are hence closely related with lit-
tle expected variation (Maynard Smith & Szathmáry,
1995, p. 244). Mosaicism is, however, commonly
observed (Whitham & Slobodchikoff, 1981; Gill &
Halverson, 1984; Klekowski, 1988; Gill et al., 1995)
and is generated by a number of mechanisms including
mitotic mutation, mitotic recombination, and mitotic
gene conversion (John & Miklos,1988). Together these
processes generate the genetic variation that makes
possible evolutionary change within an individual.
Selection within an individual acts upon differences
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in cell growth rate and survival due to these genetic
changes and can lead to gene frequency change with-
in a generation (Klekowski & Kazainova-Fukshansky,
1984; Slatkin, 1984; Antolin & Strobeck, 1985; Hast-
ings, 1989, 1991; Otto & Orive, 1995).

Genetic changes that occur within strictly somatic
cell-lines that have no possibility of producing progeny
are evolutionary dead-ends and are not discussed fur-
ther in this paper (even though many of the results are
still applicable). Our focus is instead on cell-lineage
or germline selection, by which we mean selection
among those cells that may lead to offspring through
gametes, spores, fragmentation or any other means.
Germline selection occurs when cells that differ genet-
ically (because of mutation, crossing over, or gene con-
version that occur during mitosis) also differ in their
propensity to proliferate or survive during develop-
ment. A second type of selection that clearly occurs at
the cellular level is gamete selection, caused by compe-
tition among gametic cells for fertilization. Although
it is likely that gamete selection is common in plants
where the haploid genotype is expressed in pollen, the
situation is different in higher animals where gametes
express only the diploid genotype of their progeni-
tor cells. Thus, in animals, the wide genotypic varia-
tion among gametes is not mirrored by a large phe-
notypic variation and the potential for selection is
reduced. Variation created during mitotic expansion
of the diploid progenitor cells can, however, be subse-
quently acted upon by gamete selection even in meta-
zoans (Hastings, 1989).

The focus of the current paper is germline selec-
tion, which we shall explore using two quite different
models of development that we shall call exponential
and turnover. In the exponential model, we assume
that there is a growing population of cells created by
binary cell division, leading to exponential growth of
the developing individual (Otto & Orive, 1995). In
the turnover model it is assumed that a distinct proto-
germline grows to a constant size and then cells merely
turn over in a birth/death process prior to their differ-
entiation into gametes (Hastings, 1989, 1991); muta-
tion and mitotic crossovers are assumed to be negligi-
ble during the initial expansion of cell numbers. The
exponential model is more general and appropriate for
‘lower’ organisms, which may have short life cycles
and/or no clearly defined germline. The turnover mod-
el is more appropriate for long-lived metazoans with
distinct, differentiated germlines. Although these mod-
els assume vastly different developmental programs,

we find that the results of the models are qualitatively
similar.

Germline selection has two primary effects depend-
ing on the source of genetic variation within an indi-
vidual. When a genetic mosaic is created by muta-
tion, germline selection will alter the frequency of the
mutation transmitted to offspring. Mutations increas-
ing cell proliferation will be more likely to be trans-
mitted, while those decreasing cell proliferation will
be less likely. The quantity of interest is, therefore, the
probability that an offspring carries a new mutation that
arose during development. This quantity is necessary
to determine the observed mutation rate, the probabil-
ity of fixation of a novel mutation, and the mutation
load within a population.

After a mutation has appeared and is segregat-
ing within a diploid population, gene conversion and
mitotic recombination within heterozygotes will cre-
ate genetic mosaics, individuals containing both het-
erozygous and homozygous cells. Germline selection
in these mosaics will alter the transmission proper-
ties of the different alleles, in a manner analogous to
segregation distortion or meiotic drive. For instance,
if germline selection favors the homozygous mutant
cell over the heterozygous one, then the mutant will
be observed in more than half of the gametes, i.e., in
more gametes than expected on the basis of Mendelian
segregation. We shall quantify this effect in terms of
the proportion,k, of the alleleA transmitted by anAa
heterozygote, by analogy to models of meiotic drive
(e.g., Crow & Kimura, 1970; Hartl & Clark, 1989).
A new allele within a population will change in fre-
quency over time due to its relative fitness advantage
among individuals and also due to whatever segrega-
tion distortion is caused by germline selection. If we
represent the frequency of a rare allele asP (P<< 1),
then, assuming random mating, its frequency in the
next generation,P’, will be

P 0 = 2k
W

W
P; (1)

whereW is the fitness of the individual heterozygote
scaled byW , the mean fitness of individuals in the
population. With Mendelian segregation,k = 1/2, so
that the allele increases whenever the heterozygous
fitness is greater than the mean fitness. Withk not
equal to 1/2, the allele will spread when rare ifP’ > P
or

k
W

W
> 0:5 (2)
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(Prout, 1953; Sandler & Novitski, 1957). Equation (2)
demonstrates that an allele can spread (or be elim-
inated) merely by alteringk away from its normal
Mendelian value of 0.5, even if it is neutral at the
individual level. In many cases, however, variants that
are favourable in the germline, such as more efficient
‘housekeeping’ genes, will also be beneficial for the
adult. In this case, we need to determine whether
the segregation distortion caused by germline selec-
tion will have a substantial effect on the spread of the
variant allele. It is also possible that ‘driven’ alleles
(with k> 1/2) spread despite the fact that they reduce
adult fitness. Therefore, a conflict between selection
in the adult and germline may arise as in many mei-
otic drive systems (Buss, 1982; Michod, 1996). This
potential conflict has been cited as one reason why ani-
mal gametes express the diploid genotype of the adult
rather than their own haploid genotype, thereby min-
imising the genetic differences between the adult and
gametes and the extent of genetic conflict (Maynard
Smith & Szathḿary, 1995, p. 175).

In the following pages, we briefly review some
of the relevant data and discuss previous models of
selection within the individual. We then develop some
novel results that focus on the influence of cell-lineage
selection on the spread and fixation probability of a new
allele. We next revisit the question of genetic loads
in the presence of cell-lineage selection. Finally, we
conclude by discussing how the benefits of germline
selection may have shaped the evolution of sexually
dimorphic germlines in large metazoan animals.

Background

For selection to act among cells, cells must differ
genetically. While this might seem to impose a rather
stringent limitation on cell-lineage selection, the sheer
number of cells that must be produced during the devel-
opment of all but the smallest of organisms ensures that
almost every individual is a genetic mosaic. Mosaicism
is, unfortunately, well known in humans in the form of
cancerous changes that may occur at any time in the
DNA content of our cells. That mosaicism is the rule
rather than the exception in humans is made clear by the
example of retinoblastoma, a disease causing tumorous
growth of the retina. Although this disease is recessive
at the cellular level, it is dominant at the individual lev-
el. This difference is due to the fact that somatic genet-
ic changes almost always occur prior to or during the
development of the retina and, in heterozygotes, cause

at least one cell to become homozygous for the mutant
allele, thereby inducing tumor formation (Cavanee et
al., 1983). Genetic mosaicism also plays an extreme-
ly positive role in the immune system, underlying the
changes in B cells essential to acquired immunity to
disease (French, Laskov & Scharff, 1989).

Mosaicism is more difficult to see within the
germline of animals, although it undoubtedly occurs.
We can, however, infer its existence using a number of
lines of evidence. Firstly,de novomutations that cause
disease in humans are often paternally derived (Vogel
& Rathenberg, 1975; Francke et al., 1981; Winter et
al., 1983). Secondly, a comparison of sequence diver-
gence of genes on the sex chromosomes and autosomes
(which spend 33% and 50% of their time, respectively,
in males) suggest that the latter evolve faster (Miya-
ta et al., 1987). Similarly, Shimmin, Chang, and Li
(1993) compared zinc-finger protein genes on the X
(ZFX) and Y (ZFY) chromosomes, finding that ZFY
(which spends all of its time in males) evolves faster.
All of the above phenomena are thought to be due to
the larger number of cell divisions that occur in sper-
matogenesis than in oogenesis. The number of cell
divisions would, of course, only have an impact on
the mutation rate if mutations occur mitotically (Vogel
& Rathenberg, 1975), and so we may take the fact
that male and female mutation rates differ as evi-
dence that mutations do occur within the germline
creating genetic mosaicism. Interestingly, Miyata et
al. (1987) reported a smaller divergence rate in ‘gen-
eral’ or ‘housekeeping’ loci that are expressed in all
tissues including the germline (where they would be
subject to germline selection), than in those loci which
were tissue specific (and hence not generally subject to
germline selection). Much more direct evidence for
mosaicism within the germline comes from studies
of spontaneous mutations inDrosophila(Woodruff &
Thompson, 1992) and humans (Vogel & Rathenberg,
1975). These studies find that individuals carrying a
new mutation tend to have many more mutant siblings
than expected by chance, suggesting that the parental
germline was mosaic for the mutation.

Mosaicism in plants is well known for its important
role in horticulture, having led to such novelties as
seedless grapes, navel oranges, and pink grapefruits
(Gill, 1987). Somatic mutations have led not just to
novelties but to a large proportion of the varieties of
plants in cultivation. For example, 5000 of the 8800
plants varieties grown in Europe in 1899 originated as
somatic mutations, that were then artificially selected
and propagated (Whitham & Slobodchikiff,1981). The
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reader is referred to the excellent reviews by Whitham
and Slobodchikiff (1981) and Gill et al. (1995) for
further evidence regarding genetic mosaicism in plants.

The extent of mosaicism within an organism
depends ultimately on the rate at which mitotic muta-
tion, recombination, and gene conversion occur. Esti-
mates of the mutation rate per gene per individual
generation (�) generally fall between 10�7 and 10�4

(Voelker, Schaffer & Muhau, 1980; Li & Graur, 1991).
The rate of mitotic crossing-over (X) tends to be high-
er, within the range of 10�4 to 10�2 per individual
generation inDrosophila(Gethmann, 1988), 10�5 to
10�4 per individual generation in plants (Evans & Pad-
dock, 1979), and 10�7 to 10�5 per cell generation in
yeast (Lichten & Haber, 1989; Yuan & Keil, 1990).
Although any two cells randomly chosen from an indi-
vidual are likely to be identical at a locus (Antolin
& Strobeck, 1985), the fact that there are so many
cells within an individual and so many genes that can
mutate implies that substantial genetic variation must
exist within an individual. Furthermore, even when a
mutation is extremely rare, perhaps only happening
once in the history of a population (e.g., a particular
insertion, deletion, or rearrangement), when the muta-
tion occurs, it will exist within a mosaic individual and
its fate will depend on the form of selection acting upon
cells.

The impact that cell-lineage selection can have
on the genetic variation within a mosaic individual
depends, in turn, on the number of cell divisions per
individual generation. The greater the number of cell
divisions, the more selection will be compounded with-
in an individual generation. Data from multicellular
organisms indicate that the number of cell divisions per
generation can be quite large. From zygote to zygote,
the number of cell divisions has been estimated to be:
50 for maize (Otto & Walbot, 1990), 35 forDrosophila
(at 18 days for males and at 25 days for females; Drost
& Lee, 1997), 25 for female mice (Drost & Lee, 1997),
62 for 9-month-old male mice (Drost & Lee, 1997), 23
for human females (Vogel & Rathenberg, 1975), and
36 for human males that reproduce at puberty plus 23
per year thereafter (Vogel & Rathenberg, 1975). The
number of cell divisions per generation is strongly age
dependent inDrosophila and in mammalian males,
rising, for example, in human males from 36 for a
13-year-old to over 500 for a 35-year-old. In our fig-
ures, we will use a range of values for the number of
cell divisions per individual generation that span these
observations.

Models of cell-lineage selection have been devel-
oped under a variety of assumptions concerning devel-
opment and selection within an organism. Here we
briefly review these models (more details may be found
in the review by Gill et al., 1995, or in Otto & Orive,
1995).

Luria and Delbr̈uck (1943) were the first to ana-
lyze a model of mutation during clonal development.
They considered an exponentially growing population
of bacteria in which mutations continually arise con-
ferring resistance to a virus. Although the virus was not
present during clonal expansion, Luria and Delbrück
wished to know what fraction of the population would
be resistant to the virus if the virus were later added to
the bacterial population. They found that this fraction
is extremely variable, reflecting the fact that those cul-
tures in which mutations arose early would have a high
fraction of resistant cells (a ‘jackpot’) while the major-
ity of cultures would have few mutations that appeared
fairly late in clonal expansion. In essence, their model
can be used to examine gametic selection in an expand-
ing population of germline cells, because selection is
absent during development (of the bacterial culture)
but acts among cells at the end of development. Simi-
lar observations and explanations have been made for
Drosophila(Woodruff & Thompson, 1992; Woodruff,
Huai & Thompson, 1996).

Slatkin (1984) also studied a model that falls under
the category of gametic selection. He looked at the
probability of fixation of a somatic mutation in trees
with multiple branches whose fertility depends on
whether or not the mutation is present. Mutant cells
did not proliferate at different rates but could have dif-
ferential reproductive success, depending on the extent
to which they altered characteristics of the branch
in which they occurred. Slatkin found that such fer-
tility selection among the branches of a tree would
increase the probability of fixation of beneficial muta-
tions, especially if the tree is more fertile as a whole
due to the presence of the somatic mutation (termed
hard selection). Nevertheless, the increase in the prob-
ability of fixation was only proportional to the fertility
advantage of the mutation, since selection occurred
only during reproduction.

More recently, Hastings (1989) analyzed a model of
gametic selection in animals, focusing on the change in
allele frequency that occurs due to competition among
gametes for internal fertilization. He found that gamete
selection was ‘an efficient means of eliminating unfa-
vorable alleles from the population’, but that the effect
was weak compared with selection at the individual
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level, again because selection acted only once dur-
ing the individual generation. The fact that gametic
selection occurs only at one stage (after development)
limits its impact. In contrast, cell-lineage or germline
selection occurs throughout development and, there-
fore, has an effect that accumulates throughout an indi-
vidual generation. Several authors have explored this
phenomenon, using models of development tailored
specifically to plants, animals, and organelles.

Modelling development in seed plants, Klekows-
ki and Kazarinova-Fukshansky (1984) investigated the
observed number of mutations in organisms that devel-
op from a series of apical meristems. They focused
on the fate of mutant cells present in the first api-
cal meristem. They found that cell-lineage selection
has the greatest effect on mutation rates when apical
meristems are composed of a large number of cells
and when initial cells are chosen infrequently during
development to form the next apical meristem. In other
words, cell-lineage selection is most effective when the
proto-germline undergoes very few bottlenecks during
development. Using a different model of plant develop-
ment, Antolin and Strobeck (1985) studied differential
growth of the buds on a plant and found that positive
selection caused substantial increases in the frequency
of mutant buds, especially among long-lived organ-
isms.

Hastings (1991) investigated germline selection
within metazoans, assuming a constant population size
of replicating cells, a model that we explore further
within this paper. This model assumes that the germline
grows rapidly to a set size after which time cell death
and replication cause turnover, but not growth, of the
germline. Hastings concluded that germline selection
caused substantial changes in the rate of mutation and
spread of mutant alleles: ‘under plausible assumptions
of germline molecular biology, the mutation rate per
gamete may differ up to 100-fold between loci due to
selection within the germline’ (1991, p. 1171).

Birky (1991) modeled the processes of mutation,
selection, and drift among the organelles of a cell. He
found that mutations that reduce the replication rate of
organelles are unlikely to fix within the cell and tend
soon to be lost. Conversely, beneficial mutations are
more likely to avoid loss by drift and to fix within the
cell. Again these results indicate that selection within
an organism (here among organelles) is likely to alter
the observedmutation rate of deleterious and beneficial
mutations.

Finally, Otto and Orive (1995) developed a variety
of models similar to those above to examine the poten-

tial influence of somatic selection on the genome-wide
mutation rate and deleterious mutation load. The muta-
tion load was found to be very sensitive to changes in
the replication rate of cells, especially when many cell
divisions occur during development and when devel-
opment is fairly plastic.

Taken together, these studies demonstrate that
within-individual selection can have a major impact
on the mutation rate that would be observed among the
progeny of an individual. While gametic selection has
an effect on mutation rates that is only proportional to
the selection coefficient, germline selection of equal
strength is compounded throughout development and
has a much larger effect on mutation rates. In long-
lived organisms, the observed mutation rate may be
enhanced by orders of magnitude for mutations that
are beneficial to cell proliferation and decreased by
orders of magnitude for mutations that are deleterious.

Effects of germline selection on observed mutation
rates

The distribution of mutations observed among the off-
spring of an individual will be shaped, in part, by the
process of mitotic mutation and cell-lineage selection.
We use the term ‘underlying mutation rate’ to denote
the mutation rate per gamete per locus that would be
observed in the absence of selection within an individ-
ual and ‘observed mutation rate’ to denote the rate in
the presence of within-individual selection. Germline
selection increases the observed mutation rate for alle-
les that cause cells to survive and replicate at a higher
rate and decreases it for alleles that impede cell repli-
cation. As discussed in the previous section, this phe-
nomenon has been well studied and we simply illus-
trate the type of results obtained in Figure 1, which
gives the observed mutation rate divided by the under-
lying mutation rate (�) for an exponentially growing
population of germline cells (see Appendix A for the
derivation).

One feature that is evident in Figure 1 is that
the observed mutation rate is very sensitive to small
changes in the replication rate of mutant cells and the
number of cell generations per individual generation.
This occurs because the effects of cell-lineage selec-
tion are compounded over many cell generations, such
that small differences in replication rate can cause a
large cumulative impact on the composition of the cell
population at the end of development.
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Figure 1. Change in the proportion of adult cells carrying a new
mutation due to cell-lineage selection (�). Simulations (dots) were
run of a population of cells growing via binary cell division forn1
cell divisions, corresponding to an individual generation. Mutations
were allowed to accumulate randomly at a small rate (the observed
value of� was independent of the exact rate), causing cells to
differ in fitness (abscissa). (a) Weak selection. (b) Strong selection.
For comparison,� is given using equation (A2) (solid curves) and
using the approximation (A5) (dashed curves, shown only for weak
selection). Note that the observed mutation rate equals� times the
mutation rate in the absence of cell-lineage selection and that the
probability of fixation of a new mutation is approximately� times
what it would be in the absence of cell-lineage selection.

Probability of fixation of a new mutant

Cell-lineage selection will have an impact not only on
the observed mutation rate but also on the probability
that a new mutant will become established within a
population. In this section, we estimate the probability
of fixation of a mutation that is subject to selection at
both the individual and cellular levels. We are espe-
cially interested in the fate of a rare mutation, such
as a rearrangement, deletion, or insertion in the DNA
sequence, that does not occur at a continuous rate with-

in the population. For this class of mutations, the prob-
ability of fixation of mutant alleles is a major deter-
minant of the rate of evolution of the population. This
phenomenon can easily be studied using the results of
Kimura (1962, 1964), who determined the probability
of fixation of an allele in a finite population based on a
diffusion analysis. In a diploid population of effective
sizeNe, Kimura found that the probability of fixation
of an allele is

u =
1� e�4NesIp0

1� e�4NesI
; (3)

where 1 + sI is the number of offspring carrying the
allele per parent with the allele, andp0 is the initial
allele frequency. Kimura’s derivation assumes a Pois-
son distribution of offspring per parent and weak selec-
tion, but can be used for both beneficial and deleteri-
ous mutations. For a haploid population,Ne must be
replaced withNe=2 in equation (3).

Cell-lineage selection has two effects on the proba-
bility of fixation of a mutant allele, which we shall
explore in turn. The first effect occurs within the
genetically mosaic individual created by the mutation
itself. Selection within this mosaic individual will alter
the initial frequency,p0, of the mutant allele within
the population of reproducing individuals. The sec-
ond effect occurs in subsequent generations, as genet-
ic mosaics are created by mitotic recombination and
gene conversion within heterozygotes. Selection with-
in these mosaic individuals alters the transmission
parameter,k, and will, therefore, have an effect on
the selective spread of an allele (through changes in
sI ).

(i) Effects of germline selection onp0

In Appendix A, we estimate the proportion,P, of adult
germline cells that are expected to carry a new muta-
tion that occurs sometime during the development of
the germline. This proportion is extremely low for a
single mutation (equationA2; see Table 1 for notation),
since mutations are most likely to arise fairly late in
development. Therefore, even if the mosaic individual
successfully reproduces, it is unlikely that the mutation
will be present in the successful gamete. Consequent-
ly, the mutation has an extremely high chance of being
lost during the first generation.

We can calculate the probability of fixation by not-
ing thatp0 equals the proportion of gametes within the
entire population that will come from the mutant indi-
vidual and which are mutant, which equalsP=(2N) in
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Table 1. Parameters of the model with exponential growth in the number of cells. The organism is assumed to grow
for a specified amount of time,� , with cells dividing at a rate dependent on their genotype. Rates of cell division
are related to selection coefficients at the cellular level as follows. The fitness of a cell carrying a single mutant
is defined as the expected number of daughter cells produced during the amount of time it takes for wild-type
cells to produce exactly two daughter cells divided by two (the number of wild-type cells produced in this time).
Because, by definition,c1 is the rate of cell replication per unit time for wild-type cells, a single cell generation
takes 1=c1 time units, during which time, cells carrying a single mutant produce 2c2=c1 daughter cells. Therefore,
the relative fitness of single mutant cells is given by 1+ sc = 2c2=c1=2. In diploids cells that carry two copies of
the mutant allele, the fitness relative to wild-type cells is 1+ �c = 2c3=c1=2. Note that in standard notations =
h�, whereh is an index of dominance; we use this notation because it is then straightforward to apply our results
to haploid organisms (in parentheses) as well as diploids. The mode of gene action in diploids (recessive, additive,
or dominant) can easily be recovered by setting h = s/�

Genotype Rate of cell Number of cell Fitness at the Fitness at the

division divisions/generation cellular level individual level

aaor (a) c1 n1 = c1� 1 1

Aaor (A) c2 n2 = c2� 1+ sc = 2c2=c1=2 1+ sI

AA c3 n3 = c3� 1+ �c = 2c3=c1=2 1+ �I

a diploid population. Assuming thatN is large, the fix-
ation probability of a beneficial allele is approximate-
ly 2sIPNe=N . Therefore, the effect of cell-lineage
selection on the fixation probability of an allele is pro-
portional to its effect onP and is again measured by
� (see Figure 1). Using the estimate for� obtained
in Appendix A for weak selection, cell-lineage selec-
tion changes the fixation probability of a mutation by
approximately:

� �
(1+ sc)

n1 � 1
scn1

(4)

wheresc is the selection coefficient of the allele at the
cellular level andn1 is the number of cell generations
per individual generation for non-mutant cells. Equa-
tion (4) indicates that the average fixation probability
of an allele favorable at the cellular level rises near-
ly exponentially with the number of cell divisions per
individual generation and with the strength of germline
selection. Conversely, when cell-lineage selection acts
against the mutant allele, its probability of fixation
decreases exponentially withn1 andsc. Note that the
results in Appendix A can also be used to examine the
impact of selection acting in opposite directions at the
cellular and individual levels.

As an example, consider a slightly beneficial muta-
tion that has a cellular selection coefficient of 0.01.
From equation (4), this mutation will have a 30% high-
er probability of fixation in the presence of germline
selection when there are 50 cell divisions per individ-
ual generation and 72% higher when there are 100 cell
divisions per generation. For strongly selected muta-
tions, the more accurate estimate ofP given by (A2)

must be evaluated numerically. For mutant cells that
are twice as fit as non-mutant cells (sc = 1), the chance
of fixation is one million times higher in the presence
of cell-lineage selection with 50 cell divisions per gen-
eration and 1013 times higher with 100 cell divisions
per generation.

For deleterious mutations, equation (4) provides
a fairly accurate estimate of the effect of cell-lineage
selection on the fixation probability for all selection
coefficients. With a cellular selection coefficient of
-0.01, the probability of fixation of a deleterious muta-
tion is reduced by 21% with 50 cell divisions per gener-
ation and by 37% with 100 cell divisions.For a strongly
deleterious mutation (sc =�1/2), the chance of fixation
is reduced by 96% with 50 cell divisions per generation
and by 98% with 100 cell divisions.

In short, by changing the frequency of a new muta-
tion among the gametes of an individual, cell-lineage
selection has a substantial influence on the fate of a
mutation.

(ii) Effects of germline selection on transmission in
heterozygotes

The genetic mosaicism created by the original mutation
event is, however, immediately lost in subsequent gen-
erations if individuals reproduce via single-celled off-
spring. In diploid populations, genetic variation among
cells is regenerated in subsequent generations by mitot-
ic recombination and gene conversion in heterozygous
individuals (Hastings, 1989, 1991; Gill et al., 1995).
Because the rate of mitotic crossing-over (X) is with-
in the range of 10�5 to 10�2 per individual gener-
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ation, genetic mosaicism generated in heterozygotes
may have an important influence on the spread of an
allele.

We measure this influence by the proportion,k, ofA
gametes transmitted fromAa heterozygotes. Changes
in k from the Mendelian expectation of 1/2 alter the
expected number of mutant offspring per mutant par-
ent and affect the chance that a mutation will fix within
a population. In an outbred diploid population, a new
mutation is nearly always found in heterozygotes and
so its overall fitness is 1 +sI = (1 +s) 2k, wheresI mea-
sures the expected number of heterozygous offspring
per heterozygous parent ands is the viability or fertili-
ty advantage of a heterozygote individual. If the allele
is initially present in a single heterozygous individual
and if selection is weak, then the probability that it will
ultimately fix is approximately 2sI (Haldane, 1927).
If the allele is present at a higher frequency or if it is
deleterious, thensI can be used in equation (3) oncek
is determined.

We estimatek in Appendix B using the model of
an exponentially growing population of dividing cells
(equation A10) and in Appendix C using the model of
a constant-sized population of cells with cell turn-over
(equation A15).These models give quite similar results
as long as selection coefficients are small (less than
0.1), and we, therefore, illustratekas a function of cell-
lineage selection for the first model only (Figure 2).

It is quite apparent in Figure 2 that the transmis-
sion parameterk rises only slowly with the strength
of cell-lineage selection, unless there are many cell
generations per individual generation. Thus, we gen-
erally expect the strength of individual level selection
(1 + s) to outweigh the fitness effects of segregation
distortion (2k) caused by cell-lineage selection. This
point is illustrated in Figure 3, which shows the fixa-
tion probability of an additive mutation assuming that
selection is equally strong at the cellular and individ-
ual levels. Compared to the case in which cell-lineage
selection is absent (solid curve), cell-lineage selec-
tion substantially increases the fixation probability of
a single new mutant allele by increasing its frequency
(p0) in the gamete pool in the first generation (long
dashed curves). Changes ink as well asp0 have an
almost indiscernible effect on the probability of fixa-
tion (short dashed curves) except when the number of
cell generations per individual generation is large (100
or more).

Nevertheless, the transmission of a mutation may
play an important role in the spread of alleles that have
beneficial effects at the cellular level but are neutral or

Figure 2. Segregation distortion in heterozygotes due to cell-lineage
selection. The proportion ofA gametes produced by heterozygous
individuals is shown as a function of the strength of selection at
the cellular level. Simulations (dots) are compared to the expected
value ofk from equation (A10) (solid curves). The rate of conver-
sion per individual generation,X, was set to 0.001. The strength of
cell-lineage selection favoringAAhomozygotes was set to twice that
favoringAaheterozygotes (�c = 2sc), i.e., gene action is additive.
(a) Few cell generations per individual generation: segregation dis-
tortion is weak. (b) Many cell generations per individual generation:
segregation distortion is strong.

nearly neutral at the individual level. In this case,sI in
equation (3) becomes 2k - 1 and even small increases
in k above the Mendelian value of 0.5 will increase the
probability of fixation of an otherwise neutral allele. A
potentially important case in which cell-lineage selec-
tion may determine the fate of an allele is with recessive
mutations. Such mutations are neutral in the germline
in which they arise (i.e.,p0 is unaffected) and in terms
of natural selection on heterozygous individuals. They
are not neutral in the germlines of heterozygotes, how-
ever, sinceAacells give rise toAAmutant cells through
mitotic recombination and selection can act upon the
resulting genetic variance. Such selection will increase
k and will, therefore, make it much more likely that a
beneficial recessive allele will fix within the popula-
tion.
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Figure 3. The probability of fixation of a single mutation that occurs
once during development. In the absence of cell-lineage selection
(�1 = 2sI ; �c = 2sc = 0), the initial fraction of mutant gametes
in the population isp0 = Pneutral/(2N) with Pneutralgiven by equation
(A3); the solid curve shows the fixation probability obtained from
equation (3) using this value forp0 . With cell-lineage selection acting
only in the generation in which the mutation appears (�c = �I =

2sc = 2sI ), p0 becomesP/(2N) with P given by equation (A2);
the probability of fixation is then shown by long dashed curves. If
cell-lineage selection acts in subsequent generations to changek as
well as p0, the fixation probability is hardly affected unlessn1 is
large (short dashed curves). The population size,N, was assumed to
be large relative to selection (Nsc>> 1). Note that the ordinate is
scaled toPneutral, the proportion of cells within the adult individual
that are expected to carry a new mutation in the absence of cell-
lineage selection.

(iii) Simulation results

We verified the results obtained in Appendices A-C by
simulating the two models explored within this paper,
that of an exponentially growing population of cells
and of a constant-sized population of cells. The first
series of simulations assumed that development occurs
by a series of binary cell divisions, with the rate of cell
division determined by a cell’s genotype. Mutations
and/or mitotic recombination occurred randomly dur-
ing each cell division. A run was terminated once the
individual had ‘developed’, i.e., after an appropriate
number of cell divisions. This process was repeated
10,000 times (100,000 times for Figure 1B), and the
results are shown as dots in Figures 1, 2. The initial
zygotic cell was wild-type in Figure 1 and heterozy-
gous in Figure 2. The simulations coincide extremely
well with the theoretical predictions.

In the second series of simulations, we tracked a
population of cells that underwent birth and death such
that the total population size remained constant. For
this model, the transmission parameterk can be esti-
mated analytically by assuming an infinite population
of cells as in AppendixC (equation A15). In an individ-
ual, however, the number of cells will always be finite.

To assess the importance of this difference, we used
simulations with a total number of cells,�, varying
from 100 to 10,000. Each of these cells underwent, on
average,n cell divisions per individual generation. We
ignored events that occurred during the initial expan-
sion of the proto-germline leading to the population of
� cells, but followed mutations and conversions that
occurred during the rest of the lifespan. During this
second phase, a single cell was chosen at random to
die and was replaced by the daughter of a randomly
chosen cell (a birth-death model). This was repeated
� times every cell generation, for a total of�n times
every individual generation. The chance that a cell was
selected to replicate was determined by its frequency
times its relative fitness, divided by the mean fitness of
all cells. Every offspring cell so produced was subject-
ed to mutation and gene conversion at the appropriate
rates.

The results shown in Figure 4 demonstrate that
equation A15 provides an accurate estimate fork
only when the size of the population of cells is large
(� � 10,000). For smaller numbers of cells,k may
be significantly closer to 1/2 than predicted. Although
expressed in terms of advantageous alleles, the results
also hold for the elimination of deleterious mutations
whose transmission is 1 -k. As can be seen in Fig-
ure 4a-d, individuals tend to produce either 100%A
alleles or the normal Mendelian ratio, although this
is due in part to the parameters chosen (i.e., fairly
strong selection with fitnesses of 1, 1.1, and 1.2 for
aa, Aa, andAA cells, respectively). Because selection
is quite strong, the spread ofAA cells throughout the
germline population of cells is rapid once anAAcell has
been created. Increasing the number of cells within the
germline (Figure 4) or decreasing the strength of selec-
tion results in theAAgenotype taking longer to spread
through the germline, and more individuals transmit
A alleles with values between 50% and 100% (Fig-
ure 4). The observation of intermediate values ofk is
probably more realistic and is more consistent with the
observation of mosaics noted previously (Woodruff &
Thompson, 1992, and refs. therein). If, however, selec-
tion is strong as in the simulations, an approximation
for the average transmission ratio,k’, may be found for
a finite population of cells (Appendix D). This enables
us to illustrate the effects of increasing cell lineage
number onk’ and on the fixation probability assum-
ing no selection at the individual level (Figure 4e).
Although this only applies to strongly selected alleles,
it has the advantage of clearly showing the benefits and
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Figure 4. Simulation of germline selection when the number of cells within the germline population is finite i.e.,� = 100, 500, 1,000 or 10,000;
other parameters were n = 100, X = 10�3, sc = 0.1, and�c = 0.2. Ten thousand individuals were simulated when� = 100 or 500 and one
thousand when� = 1,000 or 10,000. The distribution ofk for each simulation was obtained and plotted as histograms with the mean value,k’,
given in the caption; note log scale on the Y axis. For comparison, the deterministic matrix method described in Appendix C (equation A15),
which assumes an effectively infinite number of cells within the germline, givesk’ = 0.624; so, providing there are thousands of cells turning
over in the population, the matrix method provides a good estimate of the segregation ratio. An approximation was derived for the average
transmission ratio,k, as a function of the number of cells within the germline population,� (see Appendix D). Figure 4e shows this relationship
betweenk’ and� as well as the relationship between the probability of fixation of a mutant allele and� assuming that selection does not act at
the individual level (as for recessive mutations).

implications of increasing germline size, which will be
discussed later.

Genetic load in a population under
mutation/selection balance

We have shown here and in previous work that germline
selection can drastically reduce the gametic mutation

rate to deleterious alleles (Hastings, 1991; Otto &
Orive, 1995). Specifically, the mutation rate at a locus
is changed by germline selection from� to�� (equa-
tion A6). Because the genetic load is two times the
mutation rate in a diploid population without epistasis
and with mutations that are not fully recessive (Crow,
1970), the genetic load in a diploid population will be
changed by germline selection by an amount� (see
Figure 1). Similarly, since the genetic load is equal
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to the mutation rate in a haploid population (Crow,
1970), germline selection will reduce the genetic load
of a haploid population by�, where we would expect
� to be much smaller in haploids since mutations are
then fully expressed at the cellular level rather than
masked (see Otto & Orive, 1995). Notice that the load
will be decreased by germline selection if alleles that
are deleterious at the individual level are also dele-
terious at the cellular level, but will be increased for
mutations that increase cell proliferation.

In addition to changing the observed mutation
rate, gene conversion and mitotic recombination allow
germline selection to act against deleterious mutations
in heterozygotes, reducing the frequency of transmis-
sion of these mutations. In keeping with Table 1, let
1 - sI equal the viability ofAa individuals and 1 -�I
the viability of AA mutant individuals. The frequency
of the deleterious alleleA in a diploid population at
mutation-selection balance will then be

q̂ =
��

1� (1� sI)2k
; (5)

wherek is the transmission of the mutant allele from
heterozygotes. [In the absence of germline selection
(� = 1 andk = 1/2), equation (5) reduces to the stan-
dard result for semi-dominant mutations:q̂ = �=sI ,
but a more accurate analysis is needed to estimateq̂

for recessive mutations.] The mean fitness of the pop-
ulation will be approximately 1�2q̂sI in the presence
of semi-dominant mutations and 1� q̂2�I , with fully
recessive mutations. Consequently, the mutation load
as defined by Crow (1970) will be

Load= 2q̂sI =
2��sI

1�(1�sI )2k

for semi - dominant mutations
(6)

Load= q̂�I =
�

��
1�2k

�2
�I

for recessive mutations.
(7)

Cell-lineage selection acting against deleterious muta-
tions will reduce� below one andk below 1/2, both
of which will result in a reduction in mutation load.
The mutation load is most dramatically reduced for
recessive mutations (from order� to order�2), since
cell-lineage selection allows mutations to be eliminat-
ed by biased transmission from heterozygotes (k<

1/2) rather than by individual death of homozygous
mutant individuals. [The interested reader can refer to
Bengttson (1970) who investigated the same problem
albeit in a different context].

Figure 5. Equilibrium frequencies of deleterious alleles and sub-
sequent genetic load under mutation/selection balance with varying
values ofk. Observed mutation rate was�� = 10�5, the force of
natural selection against the homozygous mutant,�I , was 0.2, and
the mutations were either additive (sI= 0.1) or recessive (sI= 0). (a)
the effects of varying 1 -kover the range 0.4 to 1.0. (b) The effects of
small deviations of 1- k around the Mendelian value of 0.5 assuming
that the mutants are recessive. Note thatk measures the transmission
of the deleterious mutant, but for consistency with previous figures
we plot 1 -k, the transmission rate for the wild-type allele.

Figure 5 shows the load that results with sam-
ple parameters�� = 10�5, sI = 0.1, and�I = 0.2.
As expected, for both semi-dominant and recessive
mutations the equilibrium allele frequency and muta-
tion load drop as the transmission of the wild-type
allele (1 -k) increases. This effect is particularly strik-
ing for recessive mutations, which are eliminated by
germline selection within heterozygotes but are invis-
ible to selection at the individual level. As the trans-
mission bias against deleterious mutations increases,
the proportion of purifying selection incurred by the
germline increases while that in the individual decreas-
es. The results in Figure 5a show that even very small
deviations ofk away from the Mendelian value ofk
= 0.5 can have very large effects on the genetic load
imposed by recessive mutations,with the mutation load
changing by a factor of 10,000 between transmission
ratios of 0.49 and 0.51.
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Sexually dimorphic germlines

We have argued that germline selection can be bene-
ficial to the organism, decreasing the observed muta-
tion rate for deleterious mutations while promoting the
spread of beneficial mutations. These effects increase
with the number of cells within the germline and with
the number of cell divisions (Figures 2 and 4). If the
advantages to germline selection are so great, why then
would small germlines with few cell divisions ever
evolve? Human females, for example, produce few
gamete cells, with only about 23 cell divisions occur-
ring during oogenesis (Vogel & Rathenberg, 1975).
In this section, we discuss the evolution of reduced
germlines typically observed in female metazoans and
the implications for germline selection.

There are a number of reasons why a diminutive
germline might evolve. One is that selection might
favor a lowered mutation rate, which could be achieved
by reducing the number of mitotic cell divisions that
occur within the germline. Another possibility is that
selection at the cellular levels and the individual levels
are often in conflict, which could favor the evolution
of a reduced germline (Michod, 1996, 1997). These
two explanations are general in that they predict that
both male and female germlines should be small. This
is clearly false for mammals. In human males, for
example, hundreds of cell divisions may be involved
in spermatogenesis (Vogel & Rathenberg, 1975). A
straightforward explanation is that intrasexual compe-
tition among males for fertilization of females selects
for males capable of producing massive numbers of
sperm, which is only possible if the male germline
undergoes numerous cell divisions. According to this
view, the optimal number of germline divisions may be
the number observed in females, with sexual selection
preventing males from also achieving this optimum.
This suggests that sex with males carries an additional
cost to females, that of increasing the number of dele-
terious mutations carried by her offspring (Redfield,
1994).

An alternative explanation that specifically pre-
dicts a smaller female germline is that selection favors
a lowered mutation rate not in the nuclear genome,
but rather in the mitochondrial genome (Short, 1993;
Allen, 1996). Mitochondria are particularly suscepti-
ble to mutations, because metabolic processes within
the organelle create mutagenic, free oxygen radicals
and because DNA repair is less efficient in the mito-
chondrial genome. Furthermore, since mitochondria
are inherited maternally and are predominantlyasexual

in metazoans, selection is less effective at eliminating
deleterious mutant alleles once they appear within the
mitochondrial population. Therefore, it may be that
a metabolically inactive and reduced female germline
evolved to prevent mutations from accumulating within
the mitochondrial genome. The female nuclear muta-
tion rate may, however, be smaller than the optimal
rate for the species. In this case, selection may actu-
ally favor an increased male germline as a means of
increasing the mutation rate (see e.g., Gillespie, 1981).

Any or all of the above factors may have influenced
the evolution of sexually dimorphic germlines. How
much does this dimorphism reduce the effectiveness
of cell-lineage selection? The answer is ‘surprisingly
little’. In the dimorphic species that have been stud-
ied, most new mutations occur in males. In humans,
for example, we would expect roughly ten times more
mutations to occur in males than in females based on
the number of cell divisions involved in gamete forma-
tion, which is consistent with a number of estimates of
the male-to-female ratio of mutation rates (Francke et
al., 1981; Winter et al., 1983; Shimmin, Chang & Li,
1993). Mutations that arise in males experience many
more rounds of cell division and cell-lineage selection
than those that arise in females. Therefore, for most
new mutations that occur,� (the observed mutation
rate with cell lineage selection divided by the expected
mutation rate without it) must be calculated using the
number of cell divisions in males. Cell-lineage selec-
tion will, therefore, be nearly as effective at decreasing
the mutation rate to deleterious alleles and increasing
the mutation rate to beneficial alleles as it would if both
sexes had large germlines as in males.

There is, however, one effect of cell-lineage selec-
tion that is reduced by having a sexually dimorphic
germline: germline selection on recessive alleles will
be reduced. By creating a transmission bias in their
favor, cell-lineage selection promotes the spread of
rare, recessive, beneficial alleles, thus substantially
increasing their probability of fixation (Figure 4e).
Similarly, by reducing the transmission of recessive
deleterious mutations, cell-lineage selection reduces
the mutation load due to these mutations (Figure 5).
With a sexually dimorphic germline, however, there
will be a much reduced transmission bias in the sex,
generally females, with few germline cell divisions
(Figure 2). Therefore, the extent of non-Mendelian
transmission (k - 1/2) is reduced by approximately one
half when only one sex has a large germline. This effect
is explored in Figure 6. We assume that germline selec-
tion is ineffective in the female so thatk = 0.5. Because
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Figure 6. The probability of fixation of a new recessive, beneficial
mutation as a function ofk. Three scenarios are investigated, one
where both sexes have a large germline, one where they both have a
small germline, and one where the two sexes are dimorphic. In the
latter case, normal Mendelian segregation (k = 0.5) is assumed to
occur in one of them (the ‘female’ with few germline cell divisions).
Since the population size is large, the probability of fixation of a
recessive mutation in a population where both sexes have a small
germline (resulting in nearly Mendelian transmission) is negligible.

the new mutation is equally likely to appear in a male or
a female after its initial appearance, the distribution of
the number of offspring is the composite of two equal-
ly weighted Poisson distributions, one withk = 0.5
(corresponding to transmission from females) and one
with k variable according to the strength of germline
selection (corresponding to transmission from males).
The probability of fixation can then be solved using
a branching process approach (Haldane, 1927; Crow
& Kimura, 1970). Figure 6 shows the effect of sexu-
al dimorphism on the probability of fixation of a new
recessive beneficial mutation. As expected, the proba-
bility of fixation is nearly halved by the presence of a
diminutive female germline.

General discussion

One of the primary benefits of selection within an indi-
vidual is that it provides a selective sieve, eliminating
deleterious mutations and promoting beneficial ones,
leading to the ‘disproportionate proliferation of those
variants favored by environmental demands’ (Buss,
1983 p.1390). The models of cell-lineage selection
described in this article have demonstrated that selec-
tion within an organism can have a major impact on the
rate of appearance of new mutations and on their fate.A
rare mutation, such as a chromosomal rearrangement,
may arise only once in a single cell in a single individ-
ual and will have very little chance of ultimately fixing
within the population even if it confers a substantial
selective advantage upon the individual. Cell-lineage
selection can greatly increase the mutation’s represen-
tation among the reproductive cells of an individual
when the beneficial mutation first appears (right hand
regions of Figure 1). This can increase the chance that
the mutation will become established within the popu-
lation by orders of magnitude (see also Woodruff, Huai
& Thompson, 1996).

Similarly, selection at the level of the cell can elimi-
nate many of the deleterious mutations that arise within
a population. This effect can be seen in the left hand
regions of Figure 1: the number of deleterious muta-
tions observed in an offspring decreases exponentially
with the strength of cell-lineage selection acting on the
mutations. The decrease in the observed mutation rate
would reduce the mutation load of a population (Hast-
ings, 1991; Otto & Orive, 1995). It would also reduce
the susceptibility of a small population to drift load and
mutational meltdown (Lynch & Gabriel, 1990). Drift
load is caused by the fixation of deleterious alleles in
small populations, but this will occur at a lower rate
when germline selection as well as individual selection
acts against deleterious mutations.

The genetic mosaicism that naturally arises when
a mutation first appears is immediately lost, howev-
er, when an individual produces offspring through a
single cell. Cell-lineage selection would, therefore,
be rendered ineffective were it not for a number of
mitotic events that create genetic mosaics. Although
such events include chromosomal deletions, duplica-
tions and rearrangements, mitotic recombination and
gene conversion are of particular interest since these
processes create a mixture of homozygous and het-
erozygous cells within individuals that were initially
heterozygous and occur frequently (Gethmann, 1988;
Evans & Paddock, 1979; Lichten & Haber, 1989; Yuan
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& Keil, 1990). Cell-lineage selection in a mosaic of
heterozygous and homozygous cells will effectively
alter the frequency of mutant alleles among the repro-
ductive cells of an individual, which will result in a
transmission bias (i.e., meiotic drive, or, more appro-
priately, ‘mitotic drive’). We investigated the extent of
meiotic drive predicted as a result of mitotic recom-
bination and germline selection (see Figure 2). For
the parameters investigated, the extent of meiotic drive
is fairly weak and will play only a minor role in the
spread of an allele unless the number of cell divisions
within the germline is large (as in human males) or
the strength of selection at the cellular level is much
larger than the strength of selection at the individual
level. This latter condition necessarily holds in the case
of recessive mutations. By definition, these mutations
(whether beneficial or deleterious) will experience lit-
tle selection at the individual level while they are rare.
Mitotic recombination will, however, frequently cre-
ate homozygous recessive cells within a heterozygous
individual even when the allele is rare within the popu-
lation. Any meiotic drive that results from cell-lineage
selection would, therefore, govern the selective spread
or elimination of the recessive mutation while it is rare.
As illustrated in Figures 4 and 5, meiotic drive due to
germline selection increases the probability of fixation
of beneficial recessive alleles, while decreasing the
equilibrium frequency of deleterious recessive alleles
and the mutation load that they cause.

Germline selection has several interesting impli-
cations for the evolution of mutation rates within a
species. Although modifiers of mutation are gener-
ally assumed to alter the mutation rate in the same
way regardless of the effect of the mutation (Gille-
spie, 1981; Liberman & Feldman, 1986), a modifier
of mutation that acts by altering the strength of cell-
lineage selection will increase the observed mutation
rate for mutations that are beneficial to cell function
and will decrease the observed mutation rate for those
mutations that decrease the ability of cells to divide and
replicate. Increasing the effectiveness of cell-lineage
selection is, therefore, a means by which evolution
could reduce the deleterious mutation rate without a
concomitant reduction in the production of beneficial
mutations.

We have assumed that selection generally acts con-
cordantly at the levels of the cell and the individual.
There are, however, a number of important examples
in which selection at the cellular level drives the spread
of genetic changes that are deleterious to the individ-
ual. Cancer is an obvious example. Another is the

‘stalkless’ mutant in cellular slime molds (Buss, 1983).
Stalkless cells gain an advantage by contributing dis-
proportionately to the fruiting structure of the slime
mold, but stalkless fruiting bodies are spread less effi-
ciently and are disfavored at the individual level. The
existence of such examples of conflict between the
cell and the individual is thought to be a potent threat
to the integrity of multicellular individuals (Michod,
1996, 1997). The need to reduce such conflict has
been invoked to explain the evolution of a distinct
germline (Buss, 1987), the expression of the parental
diploid genotype in sperm (Maynard Smith & Sza-
thmáry, 1995, p. 175), as well as mechanisms of mutu-
al policing within the individual (Frank, 1995; Michod,
1996).

While examples of conflict are known, it must be
far more common that there is cooperation in terms
of selection at the cellular and individual levels. This
becomes obvious when one considers that the vast
majority of mutations that affect fitness at the indi-
vidual level decrease fitness; certainly they do not all
increase fitness at the cellular level, and in many cas-
es they must also limit the ability of cells to grow
and divide. We expect that loss-of-function mutations
in household genes would generally be detrimental to
both the cell and the individual. Similarly, mutations
that improve the efficiency of metabolic pathways may
often be beneficial at both levels. Even more complex
relationships are possible between selection at the cel-
lular and individual levels. For instance, there may be
heterozygous disadvantage with respect to individual
fitness but directional selection at the cellular level. In
this case, biased transmission can drive a population
through an underdominant fitness valley provided that
(1 - s) 2k> 1.

Much work remains to be done to determine the
role of germline selection within evolution. We do not
know how much conflict between the levels of selection
may occur before the benefits of cooperation outlined
in this article are overwhelmed. We do not know how
much the observed mutation rate reflects the action
of germline selection. We know little about selection
acting at the individual level, let alone its relationship
to selection at the cellular level. Many fruitful ques-
tions remain to be addressed at both the theoretical and
experimental levels. The most critical piece of infor-
mation that we lack is how selection within an individ-
ual affects the spectrum of mutations observed among
the progeny of that individual. An extremely valuable
experiment might compare the distribution of offspring
fitnesses from young and old males, where both groups
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were irradiated at the same, early stage in development
(e.g., as larvae inDrosophila). The older males will
have undergone more germline cell divisions, during
which time cell-lineage selection will have operated
(see Gaul, 1958, for a similar experiment in barley).
Such experiments are needed to determine whether
cell-lineage selection should continue to play only a
cameo role in evolutionary biology or should be given
equal billing with individual selection.
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Appendix A. Expected proportion of adult cells
that carry a new mutation

In this model, we assume that development occurs by binary cell
division, creating an exponentially growing population of cells. We
consider a new mutation that occurs in tissue leading to reproductive
cells, whether or not this tissue is confined to a germline. We assume
that the rate of cell division is dependent on the genotype of the
cell, creating the potential for selection within an individual. Cells
carrying the new mutation have a relative fitness of 1+ sc, which is
assumed to be the heterozygous fitness if the organism is diploid. The
mutant allele may either increase (sc > 0) or decrease (sc < 0) the
rate of cell division. Parameters of the model are further described
in Table 1.

First, consider a single mutation that occurs sometime during
development. Assuming that the initial cell was non-mutant, the
probability that the mutation occurs in one of the 2x cells present at
cell generationx is

px =
2x

n1P
i=1

2i
=

2x

2(2n1 � 1)
: (A 1)

If the mutation happens in cell generationx (afterx=c1 time units
have passed), the resulting number of mutant cells in the adult will be
mx = 2c2(��x=c1). Similarly, the total number of wild-type cells
will be wx = (2x � 1)2c1(��x=c1), since (2x � 1) cells will not
have mutated and will divide at ratec1 from then on. The expected
proportion of mutant cells in the adult (P) can thus be calculated as

P =

n1X
x=1

px
mx

wx +mx

: (A 2)

The actual distribution of mutant cells in models such as this one is
extremely skewed (Luria & Delbrück, 1948; Lea & Coulson, 1949;
Figure 4 of this paper). Mutations are unlikely to occur early in
development, but when they do the proportion of mutants is very
high. More often, mutations happen late in development leading to
a very small proportion of mutant cells. We are interested, however,
in the average probability of fixation, and so the expected value ofP
given by (A2) will serve our purposes.

Whenc1 = c2, equation (A2) reduces to

Pneutral=
n1

2(2n1�1)
; (A 3)

which conforms to our expectation that extremely few cells
should be mutant, since the mutation is likely to occur late in devel-
opment. With cell-lineage selection (c1 6= c2), equation (A2) can be
evaluated numerically (Mathematica code available upon request).
An approximate solution may be obtained, however, if it is assumed
that the total number of cells in the adult is relatively unchanged
by the processes of cell mutation and selection. The proportion of
mutant cells in the adult is then:

P �
n1

2(2n1 � 1)

(1+ sc)
n1 � 1

scn1
: (A 4)

This approximation was tested within the range of plausible values
for n1 (1-500 cell divisions per individual generation) and found to
be fairly accurate whenever�1� sc � 0:05.

Cell-lineage selection, therefore, changes the proportion of adult
cells carrying a mutation by approximately:

� =
P

Pneutral
�

(1+ sc)n1 � 1

scn1
: (A 5)

If mutations recur at a rate� per individual generation (or approx-
imately�/n1 per cell division), then the proportion of mutant cells
in the adult becomesP times the expected number of mutations that
arise throughout development, or

P� = P
�

n1

n1X
i=1

2i = Pneutral�
�

n1
2(2n1 � 1) = ��; (A 6)

which is� times higher in the presence of cell-lineage selection.
Equation (A6) assumes that each new mutation is independent in
its effect, which is reasonable as long as�� is much smaller than
one. This condition is easily satisfied for mutations at a single locus;
for genome-wide mutations, the methods of Otto and Orive (1995)
should be used.

These estimates were tested against simulations, and the results
are shown in Figure 1.� obtained numerically using equation
(A2) provides an excellent fit to the simulation results (solid lines),
while the approximation (A5) is satisfactory only when�1�sc�0:1
(dashed lines). Figure 1 shows clearly that the proportion of mutant
cells in an adult is strongly affected by the process of cell-lineage
selection during development.

Appendix B. Segregation in heterozygotes

Mitotic recombination or gene conversion in a heterozygote pro-
duces daughter cells that are homozygous at a locus. We assume that
there is no bias in conversion so thataaandAAhomozygotes occur
with equal frequency. We letX equal the rate of conversion per locus
per individual generation, so thatX=n2 is the rate of conversion per
cell generation given that there aren2 cell divisions in a heterozy-
gote. We wish to estimate the proportion,k, of gametes carrying
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allele A produced by anAa individual. Our derivation is analogous
to that used in Appendix A. We first consider a single conversion
event that occurs sometime during development and that converts a
heterozygous cell into a homozygous one.

The probability,px, that the conversion will occur in one of the
2x cells present at cell generationx is given by

px =
2xPn2
i=1

2i
=

2x

2(2n2 � 1)
: (A 7)

With probability 1/2, this conversion produces a wild-typeaa cell
and otherwise it produces a mutantAAcell. If the conversion happens
in cell generationx (afterx=c2 time units have passed) and creates
anaa cell, the expected number ofaa in the adult would bewx =

2c1(��x=c2. If it creates anAA cell, the expected number ofAA
cells in the adult would bemx = 2c3(��x=c2). In either case,
the expected number of heterozygous cells in the adult ishx =

(2x � 1)2c2(��x=c2). From these estimates, we can calculate the
expected proportion ofAalleles in the adult due to a single conversion
event:

ksingle=

n1X
x=1

px

�
1

2

�
1=2hx
wx + hx

�
+

1

2

�
mx + 1=2hx
mx + hx

��
;

(A 8)
which we write asksingle= 1=2+ �. As long as homozygous cells
remain rare, the total number of conversion events expected per
individual will be

X

n2

n2X
i=1

2i =
X

n2
2(2n2 � 1); (A 9)

and the expected proportion ofA alleles in the adult will be

k =
1

2
+ �

X

n2
2(2n2 � 1): (A 10)

Equation (A10), which may be evaluated numerically, estimates the
amount of segregation distortion that we expect to see in heterozy-
gous individuals due to gene conversion and cell-lineage selection.

In Figure 2, we compare the amount of segregation distortion
observed in simulations to that estimated by equation (A10), finding
an excellent fit. This figure demonstrates that the amount of segrega-
tion distortion that is expected is small unless selection at the cellular
level is strong (sc greater than 0.1 in magnitude) or there are a large
number of cell divisions per generation (100 or more). In addition,
the amount of segregation distortion depends directly onX and will
be smaller than shown if the rate of mitotic crossing over and gene
conversion is below 0.001 per individual generation.

Appendix C. A deterministic model of germline
selection

In this Appendix, we analyze the turnover model describing a
germline cell population that remains relatively constant in size,
but which turns over continually due to cell death and replication.
Further details about the method may be found in Hastings (1989,
1991). The relative frequencies of the three germline genotypes are
held in a vectorF, whose elementsF1, F2 andF3 correspond toaa,
AaandAA, respectively. The probability that a cell of genotypej is
created from a cell of genotypei during a single mitotic cell division
is given by the transition matrixTi;j ,

T =

2
64

1� 2�
n

2�
n

0

�r
n

+
X
2n 1� �

n
�

�r
n
� X

n

�

n
+

X
2n

0 2�r
n

1� 2�r
n

3
75 ; (A 11)

where� is the mutation rate froma to A, �r is the reverse rate
from A to a, X is the rate of mitotic crossing over (all per individual
generation), andn is the number of cell generations per individual
generation. Mutation is assumed to be sufficiently rare that double
mutations in a single cell generation may be ignored. Selection acts
every cell generation, with the fitness of a cell given by the diagonal
elements of a fitness matrix,W:

W =

2
64

1 0 0

0 1+ sc 0

0 0 1+ �c

3
75 (A 12)

If there aren mitotic cell divisions per individual generation, then
the three genotypes in the adult are held in a vectorF[n] given by
F[n] = F[0](TW )n. Since we do not divide by the mean fitness
each generation, the elements ofF[n] do not sum to unity so we
renormalize this vector to obtain the frequency of each genotype.

When the individual is initially wild-type (aa), F[0] is given by
f1,0,0g. Solving forF[n] and renormalizing gives:

F [n]�

n
1� 2

�

n

(1+ sc)n � 1

sc
;2
�

n

(1+ sc)n � 1

sc
; 0
o

(A 13)
to leading order in�. The frequency ofA gametes will equal the
frequency ofAa cells divided by two, which is identical to that
obtained from equation (A6) with (A5). The prediction of this mod-
el is, therefore, exactly the same as the prediction based on an
expanding population of germline cells when selection is weak.

When the individual is initially heterozygous (Aa), F[0] is given
by f0,1,0g. Assuming that X>> �, �r , F[n] is proportional to:

F[n]�

8>>><
>>>:

X

n

��
1

1+sc

�
n

�

�
1�X

n

�
n
�

2
�

1
1+sc

+X

n
�1
� ;

�
1� X

n

�
n

;

X

n

��
1+�c
1+sc

�
n

�

�
1�X

n

�
n
�

2
�

1+�c
1+sc

+X

n
�1
�

9>>>=
>>>;

; (A 14)

and the proportion ofA gametes transmitted by a heterozygote is
equal to:

k =

F3[n] +
F2[n]

2

F1[n] + F2[n] + F3[n]
(A 15)

which is approximately:

k �
1

2
+
X

n

(�c � sc + sc(1+ �c)n � �c(1+ sc)n)

2sc(�c � sc)(1+ sc)n�1
(A 16)

to leading order inX. Evaluating (A16) and (A10) numerically has
shown that the two estimates ofk are nearly identical when selection
is weak. The differences that appear when selection is strong are
due to the fact that mutations are guaranteed to occur early in this
deterministic model, but are unlikely in the model of a growing
population of cells.
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Appendix D. Algebraic approximation of k as a
function of the number of cells

In this Appendix, we develop an approximation fork for the case
of a finite population of cells, which are originally heterozygous.
We assume that anAA cell created by a crossover event always
becomes fixed in the germline if it is not eliminated by chance (100%
transmission ofA). Otherwise, we assume that 50% of transmitted
alleles areA. These assumptions are realistic for the parameters used
in Figure 4.

An AA cell that appears during development will have a prob-
ability of ultimate fixation within the population of� cells equal
to:

uc =
1� e�(�c�sc)

1� e�v(�c�sc)
(A 17)

(see Ewens, 1979, equation 3.51). Note that Ewens’ definition ofs
is twice the selective difference between genotypesAaandAA, or 2
(�c - sc) in our notation, and that the number of cells in the germline
(�) replaces his 2N.

The total number of conversion events that will occur within the
population of cells is�X per individual generation, but only half of
these createAAcells. As long asX is small, we can approximate the
number ofAA cells created by conversion during development by a
Poisson distribution with mean�X=2. The probability that either no
AAcells are created during development or that allAAcells created
fail to fix within the germline is, therefore:

f(0)�

1X
j=0

e�vX=2
(vX=2)j

j!
(1� uc)

j
= e�vXuc=2 (A 18)

usinguc from (A17). Thus, an approximate value for the proportion
of A gametes transmitted by heterozygotes is

k =
f(0)

2
+ (1� f(0)) = 1�

f(0)

2
: (A 19)

This formulation assumes that selection is strong enough or the life
cycle long enough that those cells that would ultimately fix within
the population of cells rise in frequency fast enough to approach
fixation during the lifespan of the individual.

k estimated from equation (A19) compares favorably to simula-
tion results with�c = 0.2,sc = 0.1, andX = 0.001 (see Figure 4):

Algebraic approximation Simulation

� f(0) k f(0) k

100 0.995 0.502 0.99 0.503

500 0.976 0.512 0.98 0.512

1000 0.954 0.523 0.97 0.516

10000 0.621 0.689 0.69 0.63

where f(0) in the simulations was obtained by summing classes
between 0.45 and 0.55. For large� , the deterministic equation A15
provides a more accurate estimate fork (0.624).

In the absence of selection at the individual level, the fixation
probability of a mutation which is initially present in a single indi-
vidual can be found by numerically solving the branching process
with offspring distributions given by two Poisson distributions with
means 0.5 andk weighted byf(0) and 1 -f(0) respectively (Fig-
ure 4e). Alternatively, the diffusion equation (3) withsI = 2k - 1
can be used as a first order approximation to the fixation probability.
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