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ABSTRACT. All sexual organisms experience a haploid and a diploid phase
during their life cycle, yet the extent of each phase is remarkably variable.
We explore the evolution of a locus that alters the timing of meiosis, hence
altering the proportion of the life cycle spent in either the haploid or diploid
phase. Evolution of the life cycle will occur in response to viability selection
acting at fitness loci even when selection does not directly act on the locus
modifying the life cycle. Both selection against deleterious mutations and
for beneficial mutations are considered. It is found that even when diploids
mask deleterious alleles and reveal beneficial ones, the diploid phase of the
life cycle will not necessarily increase. Conditions under which each phase
is expected to increase are developed. These theoretical results may, in
part, explain observed life cycle variation.

1. Introduction

Nearly a century has passed since the recognition of chromatin as the hered-
itary material underlying evolution (elucidated in parts by Weismann, Hertwig,
K6lloker, Strasburger, Sutton, Boveri, and others [29]). In 1883, van Beneden
found that the number of chromosomes halved during the production of ga-
metes only to double again during fertilization in Ascaris bivalens, a threadworm
[29], thus showing that the number of chromosomes does not remain constant
throughout a life cycle. Cytological studies in the 1890’s by Strasburger, Guig-
nard, Overton, Farmer and others [40] extended this work to various species
of plants. These studies revealed the relationship between chromosome number
and the alternation of generations, with a reduction division (meiosis) generally
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leading to the gametophytic (haploid or z) stage and syngamy leading to the
sporophytic (diploid or 2z) stage. By the early part of the twentieth century, it
was understood that some organisms are dominated by the z stage (examples
among the green algae), some are dominated by the 2z stage (gymnosperms and
angiosperms) and yet others are characterized by the extensive development of
both 2z and z tissue (bryophytes, ferns) [28, 40]. This information was imme-
diately placed in an evolutionary context, as exemplified in the following quote:

In the vegetable kingdom evolution seems to have been accom-

panied by a gradual increase of the 2z-generation, and a corre-

sponding reduction of the z-generation in point of importance.

- R. H. Lock, 1906, p. 271.

Perhaps typically, Lock saw the increase in diploidy as he surveyed from the
“lowly marine organisms and passing upwards... to the flowering plants,” as evi-
dence for an advantage to diploidy. He identified a possible advantage emanating
from the genotypic variability produced by the union of two distinct genomes
within an individual:

..it is only in [2z organisms] that the operation of Mendel’s

law can lead to the production of new combinations of parental

characters in the body which represents the main stage of the

life history; and that this circumstance may possibly lead to a

greater power of adaptability to external circumstances.

- R. H. Lock, 1906, p. 275.

During this century, many have followed Lock in a belief that diploids tend
to be more genetically variable and are consequently favored by evolution [3,
7, 8, 41]. Omne form of this argument is that diploids are able to combine alle-
les into the heterozygous condition and thus have a broader range of genotypes
to explore. Another argument is that diplonts (organisms with syngamy im-
mediately after meiosis) produce genetically diverse gametes whereas haplonts
(organisms with meiosis immediately after syngamy) produce genetically iden-
tical gametes and this might enhance the competitive advantage of diploid life
cycles when variability is favorable [3]. Lastly, it has been thought that deleteri-
ous recessive mutations, maintained at a higher frequency in diploids, can be an
important source of genetic variation in the face of new environmental conditions
[22, 37, 38].

Others have focused directly on the selective consequences to an individual of
its ploidy level, rather than focusing on the extent of variation found in haploids
or diploids. For example, selection occasionally favors heterozygotes and this
type of selection will, to the extent of its prevalence, favor diploidy [4, 6, 16].
Another aspect of diploidy that is thought to be to its favor is that rare deleteri-
ous mutations will almost always be accompanied by normal alleles in a diploid
individual [38]. These normal alleles frequently compensate for a good portion
of the deleterious effects of a mutation [39], which are then said to be masked.
This masking of mutations has generally been thought to favor diploidy [20, 36].
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Complementing these theories that overdominant selection and selection against
deleterious mutations favor diploidy, Paquin and Adams argued that selection
for beneficial mutations would favor diploids, since diploids have twice as many
genes which can mutate to new favorable alleles [34].

There is a tendency among evolutionary biologists to use complexity as an
appraisal of the evolutionary status of an organism [37]. Thus, much attention
has been focused on finding the evolutionary advantage possessed by diploids
over haploids. The persistence and ubiquity of haploid forms, which overwhelm
diploids in sheer number, belies this focus on the evolution of diploidy. The
real task ahead is to identify the factors that favor changes in the ploidy level
of an organism (whether by extending the haploid or diploid phase) and those
that favor the maintenance of a given ploidy level. Why is it that we see closely
related species of algae [3] and yeast [14] with dramatically different life cycles?
Why are there organisms that maintain both a haploid and a diploid phase to
their life cycles in the face of variants that would allow dominance of one or the
other phase [9, 10, 21]? While more experimental work is keenly needed, we are
also in need of theoretical guidance. Only recently have models addressed the
masking hypothesis [27, 32, 33, 36|, the overdominance hypothesis [16], and
hypotheses related to the maintenance of both haploidy and diploidy [23]. The
results have often been surprising, with common wisdom failing under scrutiny.
Masking has been found to favor haploidy under conditions of low genetic mixing
within a population [32, 33]. Selection with one allele favored in the haploid
phase and a different allele favored in the diploid phase does not support the
maintenance of both phases within a life cycle unless special conditions hold[23].

In this work, it will be shown that deleterious and beneficial mutations can
impart an advantage to diploidy or to haploidy. Specific conditions are outlined
under which we expect an increase in one or the other phase of a life cycle. To
obtain these conditions, we use a model that closely mimics known life cycles,
with individuals passing through and experiencing selection both as haploids and
as diploids. The results for deleterious mutations are consistent with those ob-
tained by Otto and Goldstein [32] for a different life cycle. We then present the
first theoretical analysis of the effects of beneficial mutations on ploidy levels.
With beneficial mutations, diploids are more likely to bear new advantageous
alleles. Selection is more effective, however, in haploids, so that beneficial muta-
tions tend to sweep faster through the more haploid members of a population,
imparting an advantage upon haploidy. Which effect is more important depends
on the specific selective and genetic conditions under consideration.

2. Methods

We wish to understand the evolution of ploidy levels. In wholly or partially
asexual populations, the evolution of sex will necessarily entail changes in ploidy
levels of the population at certain stages (see articles by Michod and Gayley and



4 SARAH P. OTTO

by Kondrashov in this collection). In this paper, however, we wish to isolate se-
lection for haploidy or diploidy from selection for sexual or asexual reproduction.
We thus assume a sexual life cycle or at least a life cycle with a constant propor-
tion of sexuality to asexuality. We then postulate the existence of a gene (the
ploidy locus, C), the effect of which is to hasten or delay the timing of meiosis
relative to that of syngamy and zygote formation (Figure 1, [23]). The propor-
tion of time spent in each phase of the life cycle depends on the genotype (C;C})
of the diploid zygote at this locus, according to Table 1. Genetic changes at this
ploidy locus can modify the life cycle by either a small amount (micromutations)
or dramatically; for instance, it is possible that a single mutation changes an or-
ganism from a haplont to a diplont. For mathematical convenience, we assume
non-overlapping generations with all individuals in the population producing ga-
metes at the same time regardless of their genotype. Changes in the frequency
of an allele at the ploidy locus are assumed to occur indirectly, in response to the
selective regime acting at the second locus (the viability locus, A). The survival
rate of an individual per generation (or the fertility rate, assuming individual-
and not couple-dependent fertility selection) depends, by assumption, only on
its genotype at the viability locus according to Table 2. For any particular
chromosome, the survival rate per generation must be adjusted according to the
proportion of a generation spent in the diploid phase (d;;) and in the haploid
phase (1 —d;;). For instance, consider an aCy chromosome within an AaCqCy
diploid: the probability that it will survive through the diploid phase of selec-
tion is (1 — hs)dll; the haploid aC; offspring then produced will survive with
probability (1 — s)l’d“. Notice that, if d;; equals one, nascent C;C; individuals
experience selection only as diploids (or as haploids if d;; = 0). The ploidy and
viability loci recombine at meiosis with a probability of r (0 < r < 1/2). Mu-
tations occur at a rate, p1/2, from the wildtype (A) allele to the mutant allele
(a) at the viability locus during meiosis and at a rate of p3/2 during gameto-
genesis (see Figure 1; py = po = p will generally be assumed where the total
mutation rate per cycle is p). The results do depend quantitatively on the time
during the life cycle when mutations occur' (especially when s is large); the
qualitative results that will be discussed, however, are independent of the place-
ment of mutation. The mutation process described allows mutations to occur
during the reproduction of both haploids and diploids; this not only appears to
be more realistic but also provides results that are intermediate between those
when mutation is placed at meiosis or at syngamy.

We first examine the effects of deleterious mutations (mutant fitnesses less
than one) on evolution at the ploidy locus and then the effects of beneficial
mutations (mutant fitnesses greater than one).

For example, Jenkins and Kirkpatrick, this volume, place mutation at meiosis only and
obtain slightly different results.
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Proportion of time spent as a
Genotype Diploid Haploid
ChCh di 1—dn
ChCy di2 1—di2
0 da2 1—dy

TaBLE 1. The determination of ploidy level.

Genotype | Viability
AA 1
Aa (14 hs)di
aa (14 )%
A 1
a (14 )%

TABLE 2. Viability selection at the A/a locus. Selection is posi-
tive (+) for beneficial mutations and negative (—) for deleterious
ones.

Frcure 1. Life cycle with alternation of generations. Selection
occurs in both the haploid and the diploid phase. The extent of
selection in each phase depends on the genotype at a locus (the
ploidy locus) which controls the timing of meiosis. Meiosis may
occur immediately following syngamy, immediately before it, or
any time in between.
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3. Results

Following the chromosomal frequencies from one generation to the next, the
recursions given in the Appendix A may be derived. These recursions form the
basis for the following results.

3.1. Deleterious Mutations. Examining models of individual selection,
Perrot, Richerd and Valero [36] observed that the masking of deleterious muta-
tions would favor the evolution of diploidy, assuming random mating and free re-
combination between the loci. Otto and Goldstein [32] pointed out that masking
has the second effect of allowing mutations to persist and reach higher frequen-
cies in diploids (see also [15] and [33]). Under conditions of low genetic mixing
within a population (low recombination, frequent assortative mating, selfing or
asexual reproduction), the chance that a diploid will carry a mutation is so much
higher than the probability that a haploid will carry one that individual selection
favors the evolution of haploidy, even though diploids mask the mutations that
they do carry.

With selection against the a allele (s > 0) and with the €y allele fixed at the
ploidy locus, the recursions in Appendix A approach a polymorphic equilibrium
where mutation and selection are balanced:

L4+ (1= o))
2[1 —(1- 5)(1*(111)(1 — hs)(lfdll)]

(3.1)

A new ploidy allele increases in frequency from this equilibrium if the leading
eigenvalue determined from the recursions is greater than one (see Appendix B).
The leading eigenvalue, equation (B.2), depends on all of the variables of the
model in a complicated manner. A few observations may be drawn from a close
examination of the leading eigenvalue:
¢ Whether the leading eigenvalue is greater than or less than unity does
not depend on the mutation rate, but the extent of the departure from
one is proportional to .
¢ The value of the eigenvalue increases monotonically with » when the new
ploidy allele increases the extent of diploid selection.
¢ The value of the eigenvalue decreases monotonically with r when the
new ploidy allele increases the extent of haploid selection.
¢ When r = 0, haploidy is always favored.
e As ris increased from zero, the parameter space in which diploidy is fa-
vored increases, with diploidy being favored most often when mutations
are highly recessive (h near zero), as illustrated in Figure 2.
Each of these results is completely analogous to results derived in [32]. Thus we
see that linkage favors the evolution of haploidy while extensive recombination
favors the evolution of diploidy. The major departure from previous results is
that the invasion criterion is now sensitive to the extent of diploidy among the
resident population (dq1), as illustrated in Figures 3-5. Above each curve are
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F1GURE 2. Parameters favoring the evolution of increased hap-
loidy (above curve) or increased diploidy (below curve) for vari-
ous recombination rates. Note that masking occurs in the entire
region below the dashed line (h < 1/2). Here and elsewhere, €
refers to a small quantity.

the values of h and s for which haploidy is favored; below each curve diploidy
is favored. The results are clearly sensitive to the exact ploidy alleles under
consideration. Consider the point marked by a % (h = 0.4,s = 0.9) with free
recombination. An initially haploid population (d1; = 0, Figure 3) cannot be
invaded by a ploidy allele that increases the diploid phase by a small amount
(d12 = €), or by an intermediate amount (d;2 = 1/2), but can be invaded by an
allele that leads to a large diploid phase (di2 = 1). An initial population that
experiences both phases equally (dyy = 1/2, Figure 4) can be invaded by alleles
that cause either complete diploidy (di2 = 1) or complete haploid (di2 = 0),
but can only be invaded by micromutations that increase the extent of diploidy
(dia = 1/2 4 €). An initially diploid population (dy; = 1, Figure 5) cannot
be invaded by any alleles. Graphical analyses indicate that populations with
intermediate values of d;; are more susceptible to invasion and that the initial
increase of extreme values of d;; (near zero or one) is supported over a larger
parameter range than the invasion of intermediate values. In short, alleles that
maintain both phases of the life cycle in intermediate amounts are evolutionarily
unstable in this model (in the EGS sense [11]); the dominance of either the
haploid phase or the diploid phase is expected given the appearance of sufficiently
diverse modifier alleles. These results thus shed no light on the maintenance of
alternating generations, but rather make its occurrence more puzzling.

Despite the quantitative differences between the results obtained using the
life cycle illustrated in Figure 1 and that used by Otto and Goldstein [32], the
qualitative result that genetic associations develop which favor haploidy when
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FIGURE 3. Sensitivity to initial ploidy level: starting popula-
tion is haploid, dy1=0. For different values of d;5, the curve is
given below which the rare allele with the new ploidy level can
invade, thus increasing the extent of the diploid phase. Above
the curves, the resident ploidy allele is stable to invasion. An x
is placed where s = 0.9 and h = 0.375 for discussion within the
text.

recombination rates are low is common to both. These associations develop be-
cause individuals bearing mutations are more likely to die if they are haploid
since the mutation is then unmasked. Those haploid individuals that do not
die but survive selection are less likely to carry mutations and are less likely
to bear offspring with mutations. From the opposite perspective, masking per-
mits diploids carrying mutations to survive selection but it thereby allows those
mutations to persist among the offspring of these diploids. Consequently, the fre-
quency of deleterious mutations becomes higher among individuals with longer
diploid phases than among individuals with longer haploid phases, an association
that favors haploidy.

3.1.1. Comments about non-random mating. Otto and Marks [33] found that
selfing, assortative mating, parthenogenesis and other forms of asexual reproduc-
tion favor the evolution of haploidy by limiting the genetic mixing that separate
haploid (diploid) ploidy alleles from the viability alleles that have recently ex-
perienced haploid (diploid) selection. I investigated these forms of non-random
mating for the life cycle currently under analysis, finding once again that their
effect was to strengthen the extent of genetic associations thereby increasing the
parameter range in which haploidy was favored. For any particular organism,
mating patterns must thus be understood before we can predict whether haploidy
or diploidy would be favored by selection against, deleterious mutations.
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FIGURE 4. Sensitivity to initial ploidy level: starting popula-
tion is haplont-diplont, dy;=1/2. For different values of dy2, the
curve is given below which the rare ploidy allele can invade if
dis > dy; but not if di» < dy;. Above the curves, the new
ploidy allele can invade if dis < dy1 but not if djs > dy;. An %
is placed where s = 0.9 and h = 0.375 for discussion within the
text.

3.2. Beneficial Mutations. Paquin and Adams [34] argued that the num-
ber of beneficial mutations experienced by a diploid population would be larger
than that of a haploid population because twice as many genes would be able
to mutate. Their arguments were based on several assumptions: that the popu-
lations of haploids and diploids do not interbreed, that the number of haploids
would be less than twice the number of diploids, and that there would be no sig-
nificant differences in the probability that a beneficial mutation would become
fixed within a haploid versus a diploid population. We evaluate the influence of
sweeps of beneficial mutations on the evolution of ploidy levels in the context
described by Paquin and Adams, with non-interbreeding asexual populations,
and then in the context of an interbreeding population of sexual haploids and
diploids as in Figure 1.

3.2.1. Asezual haploid and diploid populations. We wish to know when the
rate of adaptation, defined as the rate of accumulation of beneficial mutations,
will be faster in a diploid asexual population than in a separate haploid one.
While diploids have twice as many mutations within their doubled genome, these
new mutations arise in the heterozygous state and are generally less advantageous
than if they arose unmasked in a haploid. In comparing the rate of adaptation
of separate haploid and diploid populations, then, we must consider both the
increased number of mutations in diploids and the decreased advantage of these
mutations.
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FIGURE 5. Sensitivity to initial ploidy level: starting popula-
tion is diploid, dy;=1. For different values of dyo, the curve is
given above which the rare allele with the new ploidy level can
invade, thus increasing the extent of the haploid phase. Below
the curves, the resident ploidy allele is stable to invasion. An x
is placed where s = 0.9 and h = 0.375 for discussion within the
text.

In asexual populations, beneficial alleles can only accumulate within a genome
if successive mutations occur within a single lineage; mutations occurring in dif-
ferent individuals cannot, in the absence of sex, be recombined into one individual
[30]. If mutations are infrequent such that a mutation arises and fixes before the
next beneficial mutation occurs, then these new mutations will always occur in
the lineage with all previous beneficial mutations (technically, all those that sur-
vived loss when rare). Here, the nesting of beneficial mutations is ensured. On
the other hand, if mutations are frequent, new mutations can occur in different
lineages that are present concurrently, but only one of these lineages will ulti-
mately survive. All new mutations that do not occur within the “lucky” lineage
will ultimately be lost, even though they impart a selective advantage to their
carriers. As a concrete example, consider a new mutation that occurs within
a population with a previous beneficial mutation segregating at a frequency of
5%. Most likely, this new mutation will not occur within an individual bearing
the previous mutation; all individuals will thus carry no mutations or a single
mutation. The single mutant with the highest fitness advantage will eventually
fix and the other will be lost from the population. If mutations are very frequent,
then, many mutations will simply be lost by competitive exclusion. In this case,
the rate of adaptation is generally limited not by the rate of mutation, but by
the rate of spread of beneficial alleles (that is, by their selective advantage). The
faster good alleles spread, the sooner new mutations can be nested within the
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same lineage. In short, the rate of fixation of beneficial mutations in asexual pop-
ulations will tend to be limited by one of two factors: the mutation rate to new
advantageous alleles (when mutations are rare) or the time required for beneficial
mutants to reach appreciable frequencies (when mutations are frequent).

In this section, we will determine quantitatively how the rate of adaptation de-
pends on mutation rates and selection coefficients. These results will be discussed
in light of expected differences between haploid and diploid asexual populations.
We will then reexamine the data of Paquin and Adams with Saccharomyces
cerevisiae, from which they infer more sweeps of beneficial mutations in diploid
populations.

The following analysis is similar in structure to that presented by Kirkpatrick
and Jenkins [26] and by Weiner et al. [43]. Consider an asexual population of
size N with beneficial mutations occurring at a genome-wide rate equal to U.
If no other mutations are segregating within the population, a new beneficial
mutation that arises will have a probability of eventually becoming fixed that is
approximately equal to 20, where 1 4+ ¢ is the relative fitness of an individual
carrying this new mutation and is assumed to be near one [19]. Thus the rate
that new beneficial mutations (destined to fix) will arise in an asexual population
is:

(3.2) pm = NU 20.

We may use equation (3.2) to compare the rate of adaptation of separate
haploid and diploid populations. Let Ny and Np be the haploid and diploid
population sizes, respectively. Assume that beneficial mutations occur at a rate
(o per gene per generation, and that there are L genes that may experience
beneficial mutations in haploids but twice as many, 2L, in diploids (U = uL for
haploids, but 2uL for diploids). Further, let the relative fitness of an individual
with a new beneficial mutation be 1 4+ s in haploids and 1 + As in diploids.
Realistically, s and h are random variables following some unknown distribution;
for simplicity, we will assume that s and h are constant. We will also assume that
h tends to be less than one, presuming that an advantageous allele that occurs
within an individual carrying another allele at the same locus (i. e. a diploid)
will be less effective. Equation (3.2) thus becomes:

(3.3) hap — Ny pL 2s for the haploid population and

m,

(3.4) div — Np 2uL 2hs for the diploid population,

which assume that each beneficial mutation sweeps through the population be-
fore the next mutation appears. For haploid and diploid populations of equiv-
alent size, the rate of adaptation in a diploid population will be 2h times that
of a haploid population. The diploid population will fix dominant mutations
(h > 1/2) at a faster rate, but will accumulate beneficial recessive changes
(h < 1/2) at a slower rate.
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When beneficial mutations arise frequently, as they would in very large pop-
ulations, the probability that any new mutation will survive to fix in the popu-
lation is reduced from the value of 20, since these mutations may arise in indi-
viduals that do not have the highest fitness within the population. The faster
beneficial alleles sweep through the population, however, the more likely it is
that the fittest genotype will be at a high frequency, and the more likely new
mutations will be nested within this lineage. To tell whether beneficial mutations
tend to occur while previous mutations are still segregating, we now give the time
required for a beneficial mutation to fix. In an asexual population of size N, a
beneficial mutation that arises with frequency p; and selective advantage o will
reach fixation in £;(p1) generations, on average [25], where

‘)(e—Qi\"rm? _ e—ZN(r)

‘ _ 1 -1 (’eZNrr:r —1
g i ~ _ k dx
(3 5) f(pl) O.(l_e—Q/’\’rr) Al 7‘(1—7) v

if py is very small (to translate the model used by Kimura and Ohta into this
asexual model, their selection coefficient was doubled and their population size
halved). For NV sufficiently large, {;(p;) may be approximated by the determin-
istic analog calculated as in section 2.1 of [12],

_ P2 1+ ox
tr(pi,p2) = / ———dx
o, or(l—1)

= 3(1”[172(1'02 — 1)U —infpy (pr — 1)),

, 1. D2 1—po
(3.6) = )= 1+ o=,
where p, is the gene frequency assigned as the fixation point (recall that an
infinite population would take an infinite amount of time to fix completely). If
we measure the time that an allele currently in one individual would be in every
individual of the population except one (p; = 1/N and p, = 1 — 1/N), equation
(3.6) becomes:
(3.7) [(1/N.1- 1/N) =~ @mw ~1].
For large N and small o, we see from equation (3.7) that the time to fixation is
roughly proportional to 1/¢ (with the rate of fixation, py = 1/¢;, being propor-
tional to o). In short, if the rate of adaptation is limited not by the appearance of
mutations but rather by their spread, we might expect that the rate of accumu-
lation of beneficial mutations would be proportional to the selective advantage
of the alleles.

Applying these results to a comparison of haploid and diploid populations,
let ¢ equal s for haploid mutants and hs for diploid mutants, as before. Using
equation (3.7), we see that the rates at which beneficial alleles fix in haploid and
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diploid populations, respectively, are:

, 1 s
(3.8 AR p— -~ Y .
. ) Py tfhap(1/]\7H7 1— 1/N—H) (2 + s)ln[AH — 1]
. . 1 hs
3.9 dip — ~ ; .
B9 = Ny N RNy = 1]

In large populations of equal size with relatively weak selection, the rate of fixa-
tion of beneficial mutations will be less in diploids by an amount approximately
equal to h.

In summary, if mutations are rare and tend to fix before the appearance of the
next mutation (the rate of fixation is faster than the rate of mutation: pr > prm,),
then from equations (3.3) and (3.4) we would expect a diploid population to
accumulate dominant beneficial mutations more rapidly and a haploid population
to accumulate recessive beneficial mutations more swiftly. If beneficial mutations
occur sufficiently often (the rate of fixation is slower than the rate of mutation:
pr < pm). however, multiple alleles will segregate simultaneously. Here, we
expect that haploid populations would adapt faster since beneficial alleles spread
faster in haploid populations (with h < 1) and thus more nesting of advantageous
alleles within a lineage can occur. For further analytical comparisons, see [31].

For illustration, let us consider the data of Paquin and Adams [34, 35]. They
studied populations of S. cerevisiae, where population sizes were about 4.9 x 10?
and 4.5 x 10? for the haploid and diploid populations, respectively ([35], Adams
pers. comm.). Paquin and Adams followed changes in marker frequencies to
determine when positive selective sweeps were passing through the populations.
They found that the rate of sweeps per cell per generation was approximately
3.6 x 107'? for haploid cells and 5.7 x 10~'2 for diploid cells. That is, approx-
imately 60% more sweeps were observed per diploid cell. These figures imply
that a beneficial sweep occurred on average once every 57 generations within the
haploid populations and once every 39 generations within the diploid popula-
tions.

At first glance, this appears to be a significant advantage. As noted by Paquin
and Adams and by Charlesworth [5], however, this advantage would be partially
offset by the fact that haploid populations tend to have higher densities, which
could, in nature, translate to larger haploid population sizes. The haploid popu-
lations in the chemostat experiments of Paquin and Adams were 40% more dense
than the diploid populations. If the haploid population had been 40% larger than
the diploid population, the measured advantage to the diploid population would
have been reduced, presumably, from 60% to about 14%.

Another source of uncertainty in the interpretation of the experimental results
is the quantity L, the number of loci subject to beneficial mutations. It need
not, be the case that the same number of loci are subject to beneficial mutations
in haploid and diploid populations, even when the haploids and the diploids
are isogenic since they are not isomorphic. Diploid cells, for instance, tend to
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c=0.09 ¢=0.10
Stochastic: tr(1/N) 467 422
Deterministic: #¢(1/N,1—1/N) 519 469
Deterministic: t¢(1/N,0.05) 215 194

TABLE 3. Time until fixation in generations. Parameters were
chosen from the experiments of Paquin and Adams: N = 5 x
10°, ¢ = 0.09 for diploid mutants, and ¢ = 0.10 for haploid
mutants. For comparison, in the last row, the times required
for a mutation to reach a frequency of 5% are given.

be larger with smaller surface area/volume ratios and tend to be less efficient
at nutrient uptake [1, 42]. Thus, observing more adaptive sweeps in a diploid
population may simply mean that the diploid population was less well adapted
to begin with.

Paquin and Adams also estimated the fitnesses of the new beneficial alleles,
finding on average that s = 0.1 and h = 0.9. In Table 3, we apply equations (3.5)
and (3.6) to find the expected times to fixation for these mutations ([12], p. 61,
presents a similar analysis). Clearly, beneficial mutations with the selective
coefficients measured take several hundreds of generations to fix and spend a
large portion of this time rare. These fixation times are much too large to
correspond to the events (the sweeps) measured by Paquin and Adams, which
occurred roughly every 50 generations. Therefore, multiple mutations must have
been segregating simultaneously, which is consistent with later interpretations
that the populations were polymorphic [2]. If, however, the populations were
subject to such frequent mutations, then we might expect the populations with
the faster rate of spread of beneficial alleles (the haploid populations) to adapt
faster (compare equations (3.8) and (3.9)), in direct contrast to the conclusions
in [34].

A computer program (available upon request) was developed to refine these
arguments. Again for illustration, the parameters of Paquin and Adams were
employed. In the simulations, one locus is a marker locus subject to mutations
at a rate of 10~7. The remainder of the genome is summarized by the number,
n, of beneficial mutations carried relative to the current wildtype, a number
which could vary from zero (in the current wildtype) up to eight. Selection
favors individuals according to the number of beneficial mutations, with their
relative fitness equalling (1 + ¢)”. Note that only the number of mutations
matters and not their location, so that individuals within the same class may
have different genotypes but are equally fit. When beneficial mutations are rare,
they occur stochastically upon each fitness class according to the frequency of
that class. That is, if a number chosen randomly from a uniform distribution
between zero and one is less than the product of the mutation rate, the class
frequency and the population size, then a mutation occurs moving one individual



THE ROLE OF MUTATIONS 15

(with frequency of 1/N) from the given class (i) to the next highest fitness
class (i + 1). When beneficial mutations are common (more than one mutation
expected in the population for a given fitness class), they occur deterministically.
When the current wildtype reaches a low frequency (0.0001), it is grouped with
the class carrying one beneficial mutation and then all classes (i) are moved
down to the preceding class (i — 1). The number of times that the classes are
reset is an estimate of the number of beneficial sweeps that have passed through
the population. Technically, these sweeps are not of particular alleles but of
fitness classes. Thus we are measuring the rate at which better fitness classes
replace worse ones, which is a reasonable measure of the rate of adaptation. A
less direct estimate of the number of sweeps comes from the changing frequency
of the marker allele [34]. The marker is initially absent from the population and
increases in frequency according to its mutation rate. When beneficial mutations
occur, they tend not to occur on marker chromosomes, which are fairly rare,
but rather on non-marker chromosomes. Thus as beneficial sweeps occur, the
non-marker chromosomes are at a selective advantage and tend to displace the
marker chromosomes from the population. Eventually mutations to the marker
begin to accumulate on the lineage with the new beneficial mutation and the
marker once again rises in frequency. In keeping with the definition used in the
experimental system [34], a sweep was identified when the marker frequency
decreased over at least two censuses, where a census occurred approximately
once every seven generations. The number of sweeps over a period of 10,000
generations was then determined. For comparison, Paquin and Adams observed
64 changes in marker frequency in 2,612 generations. Taking into account their
observation that 1.6 times as many sweeps occurred in the diploid population,
this observation translates into 188 sweeps (S, say) per 10,000 generations for
the haploid populations and 302 sweeps (Sp) per 10,000 generations for the
diploid populations.

To evaluate the importance of selection versus mutation on the rate of adap-
tation in the experiments of Paquin and Adams, simulations were performed
using the data previously cited (Ng = Np = 5 x 10°, s = 0.1, and h = 0.9)
and allowing the remaining parameter, the rate of beneficial mutations, to vary.
From equations (3.3) and (3.4), the diploid mutation rate should be 2h times as
large as the haploid mutation rate, which allows for both the fact that twice as
many mutations would appear in the diploid population and also the fact that
proportionately fewer mutations survive loss when they first appear in diploids
(since their fitness is smaller by an amount /). The haploid mutation rate was
thus varied from 107'* to 107% per individual (= 2uLs in terms of equation
(3.3)); the diploid mutation rate was set equal to 2h times this quantity.

Only with the very smallest mutation rates (< 107'*) did more mutations ac-
cumulate in the diploid population by an amount approaching 2h. With such low
mutation rates, mutations did not tend to cosegregate but rather accumulated
independently. Note that from our analysis, we expect this independence when
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the rate of fixation is faster than the rate of mutation; in accord with these sim-
ulations, p; = 0.002 > p,, implies that 2uLs < 4 x 107'*. When the mutation
rate is this low, however, very few sweeps (< 10) occurred in 10,000 generations.
Clearly this range of mutation rates is inappropriate for the observed number of
sweeps (Sy = 188 and Sp = 302).

The number of sweeps observed for higher mutation rates is shown in Figures
6 and 7. In Figure 6, the number of times that the fitness classes were re-
set is shown, while, in Figure 7, the number of sweeps estimated by tracking the
marker frequency is shown. For very high mutation rates (higher than 10%), the
marker frequency was a very poor indicator of the number of beneficial sweeps;
the marker frequency tended to increase and decrease very rapidly, with these
fluctuations becoming uncoupled from the increase of any particular beneficial
mutation. Over the entire range of parameters illustrated, haploids and diploids
performed remarkably similarly. That is, even though diploid individuals expe-
rienced a mutation rate that was 80% larger than that of haploids, the fact that
fitness was higher in haploids by only 1% was enough to compensate for this
mutation difference. In short, in the range examined, small selective differences
were enough to balance large differences in mutation rates, such that diploids
did not adapt at a faster rate in the simulations.

Notice that, in Figure 7, the maximum number of sweeps observed in both
the haploid and diploid populations occurred at mutation rates near 106, This
maximum corresponded to only 150 sweeps per 10,000 generations (as measured
by changes in marker frequency), which is below the observed number of sweeps
for both populations and far below the observed number for the diploid pop-
ulations (again, Sy = 188 and Sp = 302). Nevertheless, taking 1075 as the
best estimate for the genome-wide rate of beneficial mutations, the simulations
confirm that under the experimental conditions diploid populations would not
have adapted faster than haploid populations simply because there were twice as
many genes that could mutate beneficially. Further experiments are needed to
shed light on this stark contradiction between the theoretical and experimental
results and to determine, in other organisms, the rate of beneficial mutations
and their selective consequences.

3.2.2. Interbreeding haploid and diploid populations. We now examine sweeps
of beneficial mutations occurring within a sexual population and determine their
influence on ploidy levels. We return to the life cycle illustrated in Figure 1,
with genes at the ploidy locus altering the proportion of the life cycle spent
in the haploid versus diploid phase. We now consider the impact of a single
new beneficial mutation with selective coefficients given in Table 2. Let us first
calculate the mean fitness among haploids and diploids. In any generation, if the
mutation is at a frequency of p among all genotypes at the ploidy locus, then the
mean fitness among individuals experiencing selection entirely as diploids would
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FiGURE 6. The number of sweeps observed in 10,000 genera-
tions, as evidenced by the disappearance of the wildtype class
and the resetting of fitness classes. The selective advantage of
mutations was 0.09 for diploids and 0.1 for haploids. The mu-
tation rate appropriate to haploid individuals is given along the
abscissa; the diploid mutation rate was obtained by multiplying
this quantity by 2h (1.8).

-

F1GURE 7. The number of sweeps observed in 10,000 genera-
tions, as evidenced by changes in the marker frequency. See
caption for Figure 6.

17



18 SARAH P. OTTO

be
@ = (L+s)p” + (1+hs)2p(1—p) +(1—p)*
(3.10) = 1+ splp+2h(1—p),
compared to
(3.11) w=(1+s)p+(1-p)=1+sp,

for individuals experiencing entirely haploid selection. It is easy to show that the
mean fitness of diploids is higher than that of haploids when h > 1/2; conversely,
the mean fitness of haploids is higher when h < 1/2. Even though a haploid that
carries a beneficial mutation will tend to leave more offspring, a diploid has
twice as many chances to carry a mutation; these factors balance at h = 1/2
such that haploids and diploids within a single interbreeding population have
the same mean fitness (as long as the gene frequency is the same for both). For
individuals spending a proportion (t) of the life cycle in the diploid phase and
the remaining time (1 — ¢) in the haploid phase, the mean fitness is

(3.12) w = (L+s)p"+(1+hs)[(1+5)""" +1p(1—p) + (1 -p)*.

For weak selection (s near zero), the mean fitness is an increasing function of the
amount of time spent in the diploid phase for dominant beneficial mutations (h >
1/2) but a decreasing function of ¢ for recessive mutations (h < 1/2). For strong
selection, the mean fitness is a more complex function of the parameters, but as a
first approximation we expect the more diploid members of a population to have
a higher average fitness and to increase in frequency during the sweep of new
domanant beneficial mutations, while we expect the more haploid members of a
population to increase in frequency during the sweep of new recessive mutations.
These arguments, however, ignore the development of genetic associations, which
may have a large impact on the evolution of ploidy levels, as was the case for
deleterious mutations. It need not be the case that during the evolutionary
process, the frequency of beneficial mutations is the same in the more haploid
individuals and the more diploid individuals. Through simulations, we follow
changes in ploidy levels that occur in response to sweeps of beneficial mutations.
We find that genetic associations do develop that influence life cycle evolution.

The population evolves according to the recursions given in the Appendix A
assuming positive selection and no recurrent mutations (p; = po = 0). Initially,
we will assume that the population is fixed upon a wildtype viability allele (A4).
In the absence of variation at the viability locus, evolution at the ploidy locus is
neutral so that any combination of ploidy alleles is neutrally stable. The popu-
lation under consideration thus begins with some positive frequency of both the
Cy and C; ploidy alleles (0 < 21,23 < 1521 +23 = 1). We then introduce a small
amount of the beneficial mutation (a) and iterate the recursions until this new
allele is near fixation within the population. At this point, we determine how
the ploidy alleles have changed in frequency. A particular ploidy level is said to
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be favored, when alleles that cause individuals to spend more time within this
phase increase in frequency. Directional ploidy determination (dy; < di2 < da2
or diy > di2 > daa) was assumed to simplify the interpretation of the results.
We start by presenting results for the case when the new beneficial mutation
is begun on both the ¢y and C3 chromosomes according to their frequencies
within the population (no initial disequilibrium). In this case, while the fre-
quency of mutant chromosomes does not differ between haploids and diploids,
the frequency of mutant individuals is higher in diploids, since diploid individuals
have two alleles either of which may be mutants. We then present and discuss
results for starting conditions with linkage disequilibrium. Disequilibrium would
be expected if mutations tend to occur only once, initially with either the C or
the Cy allele.

For any given rate of recombination and strength of selection, a value for the
degree of dominance of the beneficial mutation (h) could be found above which
increases in the diploid phase were favored and below which increases in the
haploid phase were favored. This phenomenon is illustrated in Figure 8 for a
particular starting position (z; = 0.499, 2, = 0.001, 23 = 0.499. 24 = 0.001)
and a particular set of ploidy alleles (dy; = 0.499, dy2 = 0.500, d22 = 0.501 as
in Figure 2). Twelve different combinations of ploidy alleles and starting posi-
tions (chosen to be different; all with no linkage disequilibrium) were similarly
analyzed. FEach produced slightly different cut-off values, but the differences
were so slight as to make no qualitative and few quantitative differences to the
graphs shown in Figure 8. These graphical analyses indicate that the evolution
of diploidy is more often favored when beneficial mutations are dominant as
expected, but that dominance was not a sufficient condition for the evolution
of diploidy. In fact. with tight linkage or strong selection, haploidy was often
favored despite the fact that the new beneficial mutations were dominant. This
dependence on recombination implies that genetic associations do have a role in
the evolution of ploidy levels during the spread of beneficial mutations in sexual
populations.

Genetic associations were followed from one thousand random starting con-
ditions (d;; randomly chosen so as to be directional; ; randomly chosen such
that there was no linkage disequilibrium and so that 21 + x3 & 0.99) for each of
five rates of recombination (r € 0,0.01,0.1,0.25,0.5). Each run began with no
disequilibrium and yet each run soon developed disequilibrium that favored the
more haploid ploidy allele (negative disequilibrium if dv; < dy2 < dos and posi-
tive disequilibrium if dy1; > di2 > ds2). The simulations were then repeated with
the linkage disequilibrium artificially reset to zero each generation using that
generation’s gene frequencies. By this method, we could remove the influence of
disequilibrium on ploidy evolution for comparison. Under these conditions and
for all rates of recombination, diploidy was favored when the beneficial mutations
were dominant, while haploidy was favored when the beneficial mutations were
recessive (the exact cut-off was slightly different from h = 1/2, but was consistent
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F1GURE 8. Parameters favoring the evolution of increased hap-
loidy (below curve) or increased diploidy (above curve) for var-
lous rates of recombination (no initial disequilibrium). Nearly
identical curves were produced with different starting positions
(in linkage equilibrium) or with different ploidy alleles.

with equation (3.12)). The evolution of ploidy levels in response to beneficial
mutations thus exhibits very similar behavior to the evolution of ploidy levels in
response to deleterious mutations: ignoring disequilibrium, masking deleterious
recessive mutations or revealing dominant beneficial mutations favors diploidy;
genetic associations develop, however, that tend to favor the evolution of hap-
loidy especially when linkage is tight.

A single sweep of a beneficial mutation can have a dramatic effect on the
frequencies of the ploidy alleles within a population. In Table 4, the change in
the frequency of a haploid ploidy allele is given for a range of parameter values
(h = 1/2 so that haploidy is expected to be favored). A fairly rare haploid
ploidy allele can quadruple in frequency, while more common ploidy alleles can
traverse halfway across the frequency space towards fixation. These dramatic
changes were observed when the rate of recombination was low and selection
was weak. With low rates of recombination, weak selection is more effective in
changing the frequencies of the ploidy alleles, while the opposite is true with high
rates of recombination. The extent of frequency change appears to be related
to the strength of genetic associations that are created and to the number of
generations that these associations are maintained.

Heretofore, we have considered beneficial mutations that arise in a population
in linkage equilibrium. The evolution of ploidy levels in response to sweeps of
beneficial mutations is, however, sensitive to the initial level of linkage disequi-
librium. With dy1 < dq2 < da9, if the linkage disequilibrium is initially negative,
then the beneficial mutation arises more frequently than expected on the haploid
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Final freq(C7) when 1 + s equals:

Initial freq(Cy) | 1.20 1.50 2.00 10.0

r=0.0 0.500 0.782 0.768 0.750 0.667
r=0.5 0.500 0.509 0.520 0.532 0.566
r=0.0 0.050 0.200 0.181 0.162 0.103
r=0.5 0.050 0.052 0.054 0.057 0.065
r=0.0 0.950 0.983 0.982 0.981 0.973
r=0.5 0.950 0.952 0.954 0.956 0.961

TaBLE 4. Extent of allele frequency change. The table shows
the frequency of the C; allele (the more haploid allele) after a
single sweep for three different starting frequencies of the C;
allele (0.5, 0.05, and 0.95), two recombination rates (0 and 0.5),
and four fitness values (1+ s =1.20, 14+ s = 1.50, 1 + s = 2.00,
1+ s = 10.00). The remaining parameters were di; = 0.2,
dip = 0.5, doo = 0.8, and h = 0.5. Under these conditions,
haploidy is always favored as illustrated in Figure 8, but the
extent of change depends on s and r.

allele (C4) and haploidy is favored in a larger area of the parameter space. With
positive disequilibrium, diploidy is favored for more combinations of parameters.
In Figures 9 and 10, the curves delimiting the parameter space in which hap-
loidy is favored from the space in which diploidy is favored are given for rather
extreme initial disequilibrium values (only three of the four possible haplotypes
exist within the starting population). When r = 0, the ploidy allele on which all
beneficial mutations occur will sweep to fixation, regardless of its ploidy level.
With higher rates of recombination, the selective regime will matter as well as
the initial population composition. These considerations lead us to speculate
that ploidy levels may fluctuate more often in populations with tight linkage (or
other mechanisms that maintain disequilibria), since these fluctuations will sim-
ply reflect the random appearance of beneficial mutations on chromosomes with
different ploidy alleles. With loose linkage or when beneficial mutations tend to
appear in linkage equilibrium, the above results lead us to expect the evolution
of haploidy when r is small, h is small, or s is large and to expect the evolution
of diploidy when r is large, h is large, and s is small.

We clearly need more experimental evidence on the rate of beneficial muta-
tions and their selective consequences. Only with this information can we deter-
mine whether sweeps of mutations tend to favor the evolution of diploidy in a
particular organism. We know now, however, that beneficial mutations do not
unequivocally favor the evolution of diploidy in sexual populations. Even though
diploids have twice the opportunity to carry new mutations (as heterozygotes),
the fact that these mutations can rise in frequency faster in haploids (especially
when h is low) can overwhelm this advantage.



22

SARAH P. OTTO

FIGURE 9. Parameters favoring the evolution of haploidy (be-
low curve) or diploidy (above curve) for various recombination
rates (D = —0.0005). Here dy; = 0.2, dj» = 0.5, and d2» = 0.8.
If the d;;s are chosen as in Figure 8 (closer together) then hap-
loidy is favored even more often (haploidy favored for all A and
r when 1+ s > 1.25).

Ficure 10. Parameters favoring the evolution of haploidy (be-
low curve) or diploidy (above curve) for various recombination
rates (D = +0.0005). Here dy; = 0.2, dy2 = 0.5, and day = 0.8.
If the d;js are chosen as in Figure 8 (closer together) then
diploidy is favored even more often (diploidy favored for all A
and r when 1+ s > 2.35).
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4. Conclusions

In a series of papers published during the 1920’s [17, 18], Haldane showed
that selection would occur most rapidly in populations that are either asexual
or haploid. Having examined various forms of selection in amphimictic diploids
(including autosomal, sex-linked, sex-limited and familial selection), Haldane
concluded that “selection proceeds more slowly with all other systems of inheri-
tance” [17]. The fact that allele frequencies change faster in response to selection
acting on haploid rather than diploid genotypes in sexual organisms has not, un-
til recently, been incorporated into theories about life cycle evolution. We now
proceed to reiterate and interpret the main results in light of this fact.

It has generally been assumed that life cycles evolve as if allele frequencies
were changing in a uniform manner throughout a population. Assuming that
allele frequencies are equivalent among more haploid and more diploid mem-
bers of a sexual population, equations (3.10) and (3.11) show that the mean
fitness of diploids is higher than the mean fitness of haploids when deleterious
mutations are recessive (masked) and when beneficial mutations are dominant
(revealed). This leads one to expect that masking deleterious mutations and
revealing beneficial mutations should favor the evolution of diploidy. This con-
clusion is erroneous, however, since allele frequencies will not remain uniform
throughout a mixed population of haploids and diploids but will develop pat-
terns that reflect the argument of Haldane. Specifically, allele frequencies will
respond faster to selection among individuals which experience longer periods of
haploid selection, with deleterious alleles decreasing in frequency and beneficial
alleles increasing in frequency at faster rates. Put another way, since haploid
individuals do not mask their mutations from selection, individuals that survive
a long period of haploid selection tend to bear fewer offspring carrying delete-
rious alleles and more offspring carrying beneficial alleles than individuals that
survive diploid selection. In other words, genetic associations tend to develop
that couple alleles which increase the haploid phase with viability alleles that
are the most fit.

Mechanisms that maintain genetic associations within a sexual population
favor the expansion of the haploid phase in the life cycle. The most obvious
such mechanism is tight linkage, but assortative mating, selfing, and asexual
reproduction in populations with life cycle variation have similar influences on
the evolution of ploidy levels [33]. For the increase of the diploid phase of a life
cycle to be favored in an organism, mating must be fairly random within the
population, recombination rates must be sufficiently high, and mutations must
tend to be recessive when deleterious or dominant when beneficial.

Haldane’s results also provide insight when we compare separate haploid and
diploid asexual populations. Now selection is less effective in diploids not be-
cause of amphimixis, but because the effects of beneficial mutations are some-
what diluted by the presence of a second homologous allele within the genome
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(assuming h < 1). Thus while diploids have twice as many opportunities to
bear new beneficial mutations, these mutations will sweep to fixation at slower
rates among diploid asexuals. The faster a beneficial mutation sweeps through
an asexual population, the sooner new beneficial mutations can accumulate on
lineages with previous beneficial mutations. Thus beneficial mutations can be
nested within a lineage at a faster rate in haploid asexuals than diploid asex-
uals. This effect will be unimportant if mutations are rare and fix before the
appearance of new mutations but will be very important if beneficial mutations
occur often within a population. Even if mutations are rare, haploid populations
will still accumulate beneficial mutations more rapidly than diploid populations
if these mutations are recessive. This follows from other work by Haldane [19],
which indicates that a beneficial mutation which arises in a single individual
within a population will survive the initial period of random sampling with a
probability that is approximately equal to the selective advantage of the new
allele. This probability is 2s for new alleles within the haploid population but
only 2hs in the diploid population. Twice as many mutations will still arise in
a diploid population, but, if h < 1/2, fewer mutations will survive the first few
generations of sampling when compared to a haploid population. The analyses
in this paper allow us to evaluate whether mean fitness will increase at a higher
rate in asexual haploid populations or in asexual diploid populations. Experi-
ments are needed to determine whether haploid populations are favored under
the conditions predicted (e.g. frequent mutations within the population) and are
not favored when predicted (e.g. mutations rare within the population). Such
experiments could manipulate the mutation rate within a population by either
changing the population size or by exposing individuals to mutagens. Experi-
ments are also needed to determine whether mean fitness differences measured
in separate populations translate into competitive differences when the haploids
and diploids are placed within a single environment.

The conditions outlined in this paper and elsewhere [32, 33] allow us to
test the importance of masking deleterious mutations and revealing beneficial
mutations to the evolution of ploidy levels. Given information about the life
history of an organism and about selection, we can now predict whether the
haploid or the diploid phase of the life cycle is likely to dominate. Whether
these theories have any explanatory power has yet to be determined by careful
comparative studies and experimental work.
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Appendix A. Recursions.

In this appendix, we present and analyze recursions that monitor changes
in the timing of meiosis in sexual organisms that experience both diploid and
haploid selection (a regular alternation of generations). We census at the gamete
stage of the life cycle, and then follow the four chromosomes (AC, aCy, AC,aCs)
through the life cycle, tracking their frequencies over time (21, 22, ¥3, 24, respec-
tively). The recursions that map the population from one generation to the next
and which correspond to the model described in the text and in Figure 1 are:

T+, = (1- #2_2)(1 - %)[Tlil +(1+ hs)d“wlx2 + 173

+(1+ hs)d‘z(l —r)rrs + (1 £ hs)d‘2713324173]

Tay, = (%)(1 - l;—l)[xlxl + (1 & hs)Ma wy + w03

+(1 £ hs)M? (1= r)aay + (1 £ hs) " ragas)
+HEDL £ ) e + (1 hs)™ (L5 " 0y

+(1+ s)“_d”)xlxg +(1+ hs)d”(l + s)(]_d”)(l —r)z1my
+(1+ hs)d”(l + s)(1 _d“)r;chg]

+[(1+£ hs)d11 (1+ .9)(17d11).7,?1.732 +(1x hs)d”(l + .9)(17‘112)7“.7:1.714
+(1 £ s)roae+ (1 £ hs)d”(l + s)(l*d”) (1 —r)zoxs
+(1 £ s)wo24]

He

Tay, = (1- T)(l - l;_l)[xlls +(1+ hrS)d”?’;m;m +(1+ h,s)d“(l —r)asns

V4

+agzs + (1 £ hrs)d”xg;m]

Tx/4 = (%)(]— - l;_l)[éEléEB + (1 + ]1/5)(1127’111‘4 + (1 + hs)d12(1 — 7’)1213
+awgrg + (1 £ hs)d”;zrggm]

—1—(%)[(1 + 5)(1_d12)m1m3 +(1+ hs)d“(l + .s)(l_d”)rml,m

+(1+ hs)d“(l + 5)(1_d12)(1 —r)rexs+ (1 £ 5)(1_d22)m3m3
+(1+ hs)d“(l + 5)(1 _d22);173;104]

+[(1 £ hs)T2 (14 ) 7921 — )y 4+ (14 hs)P2(1 £ 5) D2 prayay
+(1xs)wprs+ (1 £ hs)d”(l + .9)(17(122).’773,734 + (1% s)zaz4]

where T is the sum of the right hand sides. In these recursions, ji1 /2 measures
the mutation rate during meiosis (when diploids produce haploid offspring) and
12 /2 measures the mutation rate during gametogenesis (when haploids produce
gametes). Except to evaluate the role played by the position of mutations, we
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assume that 1y = po = p. The % sign should read as a positive sign when benefi-
cial mutations are considered and as a negative sign when deleterious mutations
are considered.

Appendix B. Analysis with recurrent deleterious mutations.

The equilibrium frequencies when the Cy allele is fixed are:

X = 1—%2
pll+ (1))

(B.1) Iy = 2L — (1—s5)0 @) (1— hs)Ld]’

Invasion of the Cy allele from near this equilibrium is governed by the leading
eigenvalue obtained from the recursions linearized in the vicinity of the equilib-
rium (B.1) (see [32]). This leading eigenvalue equals:

(B.2) A = 1—uKy +ruks + O(,u?)
where
K _ [1 + (1 - 5)(1_(111)][(1 - h/S)dll — (1 — hs)dIZ]
b 21 — (1 — s)1—d) (1 — hs)du]
K, = (1 —s)0—di=di2) (1 — pg)h2 |y
2 2[1—(1- 5)(1*(111)(1 — h,gf)du][l —(1—=r)(1— S)(lfdlz)(l _ hs)dlZ]
K; = (1 - S)dll - (1 - 5)d12 — (]_ — 5)(]_ — hs)dll _ (1 _ 5)(/12(1 _ h,s)dll

+(1 — 5)(1 — hs)d12 + (1 _ 5)(111(1 _ hs)d”.

K, Ky, and K3 all have the same sign as (di2 — dy1). An inspection of the
leading eigenvalue indicates that haploidy is favored whenever » = 0, but that
with sufficiently strong masking and high recombination diploidy is favored (see
equation (B.3)).

Quantitatively, the invasion of a new allele increasing the diploid phase of the
life cycle will occur if

P W — Wi — oW Wi — Wi
Wy Wi 2w, W 2w ]
(B.3) > W+ Wit —wihen — wit ) we),

where W7 = (1 — hs) and Wa = (1 — s). Conversely, a new allele increasing the
haploid phase of the life cycle will invade if this inequality is reversed.

Where in the life cycle mutations occur does not affect the qualitative behavior
of the model with respect to linkage. It does, however, affect the quantitative
results, especially when s is large. It can be shown that the evolution of diploidy
is facilitated when mutations occur during meiosis (sporulation) as opposed to
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gametogenesis. This effect may be understood by the fact that mutations which
occur during sporulation are subjected to haploid selection before the diploids
are formed, thus reducing the frequency of mutations carried by the diploids.
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