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of the following pair of equations:
v = A-—wW@u —2pu; +vy)
! 41 — o(l — u; — vyl
and (10)

- wCpu v
2[1 — (1 — uy — v)I’

Vi

Equations (10) were solved numerically for roots in the interval (0, 1), and the
Jacobian matrix of partial derivatives was then evaluated at these equilibria to
obtain the dominant eigenvalues for different values of o, w, r (the recombination
rate), a,, and a; in the range (0, 1).

Masking model.—Under complete outcrossing, the initial equilibrium frequen-
cies are

4, = 0,9, =1, =0. (11)

Under complete selfing, the equilibrium structure of the three phenotypes is more
complex. There appear to always be three equilibria, of which two at most are
valid, and exactly one of which is stable. One of these equilibria (and always a
valid one) is fixation of mutant homozygotes:

4, = 0,9, =0, = 1. (12)

The second equilibrium has #; = 0 but nonzero ¥, and w,, and the third equilib-
rium is polymorphic for all three types. There is no equilibrium for fixation of
mutation-free homozygotes, Hom-wt, except in the uninteresting case in which
the mutation rate is zero, p, = 0. In the case of recessive lethal mutations with
a genomic-wide diploid mutation rate of one (which is realistic for higher dip-
loids), the initial equilibrium frequencies can be found in symbolic form (eqq.
[A6] in the Appendix), by solving the following pair of equations in the range 0
<da,v <1,

_up+4qv,
U= 4(u, +vy)
and (13)
_ Ml +2kv1
Vi _2(u1 +v)

If there is no probability of purging the genome of mutations, ¢ = 0, then a
polymorphic equilibrium exists under complete selfing for recessive lethal muta-
tions at

4, =0,
., _o—1+k
hp=—

(14)
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and

This equilibrium only makes biological sense if kK + o = 1, in which case it is
also stable so long as 1/4 < k.

The general conditions for the validity and stability (stability in the reduced
one-locus system) of these various initial selfing equilibria are clearly complicated
and are not pursued in analytic detail here. Our primary interest is in their stability
to invasion by outcrossing alleles. We circumvented the need for a complete
understanding of the initial equilibrium structure under selfing by numerically
solving for the equilibria given specific values of o, 4 (the dominance coefficient),
w, k, and g and then picking the stable one on the basis of numerical computation
of its eigenvalues (in the one-locus system). This initial equilibrium was then used
as the starting point for invasion of the outcrossing, m, allele. This was done over
a range of parameter values.

RESULTS

Heterozygote Superiority

There are four parameters that may vary: the selection coefficient o, the recom-
bination rate r, and the selfing rate in Mm and mm genotypes, a, and «;, respec-
tively. We consider only dominant mutations at the mating type locus by assum-
ing a, = a3. No effect of the recombination rate, r, on the increase of the mutant,
m, allele was found in this case. Consequently, we focus on the effects of the
selection coefficient, o, and the new selfing rate, o, (=ay).

Recall that the population is initially assumed to be fixed for the MM genotype,
which is phenotypically either completely selfing (o; = 1) or completely outcross-
ing (o; = 0). First, consider the case of a population initially fixed for outcrossing.
In this case the dominant eigenvalue of the system was studied as a function of
o and q, in the range (0 < o, o, < 1). The dominant eigenvalue of the system,
\, is always greater than 1.0 for all values of o and «, in this range. Consequently,
selfing always increases in a population of outcrossers.

The situation is more interesting in the case of a population initially fixed for
selfing (o; = 1). In figure 1a the dominant eigenvalue, A, is plotted as a function
of the selection coefficient, o, assuming o, = a3 = 0.9 and r = 0.5. Here we see
that, for o between 0.5 and approximately 0.62, outcrossing increases in a popula-
tion of selfers. Since complete outcrossing was unstable to the evolution of selfing
for this range of parameter values, a mixed breeding system might be evolution-
arily stable in this range. For larger values of o, selfing becomes stable to the
increase of outcrossing. In figure 15 inbreeding depression is plotted as a function
of o (see also fig. 1 in Ziehe and Roberds 1989). Inbreeding depression, D, is
defined as one minus the relative fitness of selfed offspring compared with that
of outcrossed offspring (see eq. [15]). As shown in figure 1b, inbreeding depres-
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Fic. 1.—Stability and inbreeding depression in a population fixed for selfing for heterozy-
gote superiority model. In a, the absolute value of the dominant eigenvalue A is shown as
a function of o. In b, inbreeding depression is plotted as a function of o. Parameter values:
r=0.5,a = a; = 0.9. See text for more discussion.

sion never exceeds 0.5, yet outcrossing can increase for the range of parameter
values just given (fig. 1a).

In figure 2, the dominant eigenvalue is plotted as a function of both ¢ and «,
(=a3), assuming r = 0.5 (although r has no effect on this curve). The surface has
been clipped at A = 1.0 and only the region for which A > 1.0 is shown. This is
the region of a, and o for which the selfing equilibrium is unstable and outcrossing
increases. Only partial outcrossing (o, between 1.0 and approximately 0.5) can
increase for selective coefficients greater than 0.5 and less than approximately
0.66. Otherwise, complete selfing is stable.

In figure 3, the change in gene frequency for such a partial outcrossing gene is
shown for parameter values in the range of instability shown in figure 2 (o, = o5
=09, o = 1.0, r = 0.5 ¢ = 0.60). When rare, the gene increases to an
intermediate frequency at which the population is maintained polymorphic for
the two mating types (M with a = 1.0 and m with o = 0.9). Conversely, when
common, such a gene decreases to the equilibrium value. Similar dynamics were
observed for other parameter values in the range of instability given in figure 2.
Therefore the population does not tend to either of the extreme states of complete
outcrossing or complete selfing but instead maintains a mixed mating system (cf.
Charlesworth and Charlesworth 1990; Uyenoyama and Waller 1991b). This is in
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Fi6. 2.—Increase of outcrossing in a population fixed for selfing for heterozygote superior-
ity model. The absolute value of the dominant eigenvalue X\ is plotted as a function of o and
o, (=aj). See text for more discussion.
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FiG. 3.—Evolution of modifier gene of selfing rate for heterozygote superiority model.
Parameter values: o, = o3 = 0.9, o) = 1.0, r = 0.5, 0 = 0.60. See text for explanation.

contrast to Lande and Schemske’s (1985) hypothesis that populations should fix
on either complete outcrossing or complete selfing.

Mutation/Selection Balance

Under the two-locus mutation/selection balance model, selfing always in-
creases when rare in a population of outcrossers and is always stable when com-
mon. For the range of parameters of biological interest, the dominant eigenvalue
is always greater than one for the outcrossing equilibrium (selfing increases) and
less than one for the selfing equilibrium (selfing is stable). The eigenvalue curves
are not presented here because of the uniform nature of the results. There is
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simply not enough fitness difference between selfed and outcrossed offspring
(e.g., €q. [15]) generated in this model by the single fitness locus to make up for
the intrinsic advantage of selfing, when selfers are assumed to contribute equal
numbers of male gametes to the outcrossing pool as do outcrossers. In an other-
wise similar model, Uyenoyama and Waller (1991a) assumed that selfers are
penalized in terms of their contribution of male gametes to the outcrossing pool.
In this case, mutation at a single locus can select for outcrossing.

Masking Model

The basic parameters in this model are o, the selection coefficient against
mutant homozygotes (Hom-mut); h, the dominance coefficient; w,, the genome-
wide diploid mutation rate; and k and ¢, the probabilities that a heterozygous
selfer produces heterozygous or wild-type homozygous offspring (Het or Hom-
wt), respectively (see tables 1 and 2). The final parameters are the effects of the
modifier, m, in heterozygous, a,, and homozygous, «;, state. We consider only
dominant modifiers so that o, = a3 = «a.

Consider, first, the outcrossing equilibrium (o; = 0; eq. [11]). The stability of
complete outcrossing was investigated systematically for the following ranges of
parameter values: 0 = g=1/4,0=k=1/2,12=0=1,0=pp=1,and 0 =
h = 1. The mutation rate, wp, had little effect on the stability of the outcrossing
equilibrium to modifiers of small effect (« = 0.9), whereas for modifiers of large
effect (o« = 0) up can have a considerable effect. This makes biological sense,
because previously existing mutations masked in heterozygous state are the domi-
nant force retarding the increase of selfing in predominantly outcrossing popula-
tions. New mutations (rate p.j, in the model) are not as important for the evolution
of selfing in predominantly outcrossing populations as they are in predominantly
selfing populations (see below). New mutations only affect Hom-wt individuals,
that is, selfers who have purged their genomes. This pool remains small if selfing
modifiers have small effect.

Figure 4 shows the effects of changing o and /4 on the stability of pure outcross-
ing to invasion by alleles promoting selfing. Each line in figure 4 graphs the
condition A = 1 for the corresponding o or 4 value. For each line, all £ and ¢q
values below and to the left have A < 1, so the outcrossing equilibrium is stable
against invasion. Above and to the right, A\ > 1 and selfing invades. In figure 4a,
h = 0 and o varies. In figure 4b, o = 1 and A varies. All curves have o = 0.9
and m = 1. Figure 4a shows that selfing always increases if o = 1/2. As the
mutations become more deleterious, the range of k and g for which outcrossing
is stable increases. Finally, for lethal recessives (o = 1.0 line) stability is guaran-
teed for any k and g such that, approximately, k + g = 1/2. As discussed below,
with more than two recessive alleles segregating, g will generally be close to zero,
with & also considerably less than its one-locus maximum of 1/2. Figure 4b shows
the importance of recessivity of mutations in promoting stability of outcrossing.
It should be emphasized that A cannot be regarded as a per-locus dominance
coefficient; because the Het class lumps together individuals with varying num-
bers of heterozygous mutations, a small per-locus dominance coefficient would
correspond to a larger & value in this model. The results from figure 4 can be
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FiG. 4.—Evolution of modifier gene of selfing rate for masking model at the outcrossing
equilibrium. Unless otherwise marked, all lines share the following parameter values: w, =
l,0p = a3 = 0.1,y = 0,0 = 1.0, &/ = 0. For each line, outcrossing is stable to the invasion
of selfing for k and g values below and to the left. See text for explanation.

summarized by stating that outcrossing is stable so long as there are more than
two nearly recessive lethal or sublethal mutations segregating in the population.

Now consider selfing equilibria by setting o, = 1. As noted earlier, the initial
one-locus selfing equilibrium structure is complex. This complicates the analysis
compared with that of the outcrossing equilibrium, where there was a single,
globally stable initial equilibrium for all parameter combinations. The computer
model we constructed for this analysis is therefore required to first locate each
initial stable one-locus equilibrium before testing its stability to outcrossing mod-
ifiers. By knowing that we can always find the initial one-locus equilibrium, we
do not need to be concerned with its form. The ranges of parameters investigated
were 0 =g=14,0=k=12,12=0c=1,12=pp=1l,and 0 = h = 1.

Figure 5 shows the effects on the stability of pure selfing by changes in ¢ and
h, similarly to figure 4 for the outcrossing equilibrium. In figure 54, for each
curve, the region of £ and g that is “‘enclosed’’ (to the left) is the unstable region,
where outcrossing can invade. Starting from lethality (¢ = 1), the region of
instability grows as mutations become less deleterious. For ¢ = 0.5, the whole
region is unstable, but, as o decreases to 0, a region of stability appears in the
lower left corner and sweeps across figure 5. One reason why decreasing o is
favorable to outcrossing when o is large derives from its effect on the initial pure
selfing equilibrium: with large o, the initial equilibrium has few adult Hom-mut,
which is the class that benefits most from making the transition to outcrossing.
As o decreases, this class grows, increasing the potential benefit to outcrossing
modifiers. Below o = 0.5, however, the fitness differences among the phenotypes
become too small, and the twofold cost of males paid by outcrossing begins to
dominate. Figure 5b shows that increasing dominance of mutations drastically
limits the ability of outcrossing to invade. Here, the region above and to the right
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Fic. 5.—Evolution of modifier gene of selfing rate for masking model at the selfing equilib-
rium. Unless otherwise marked, all lines share the following parameter values: pp = 1, a,
= a3y =09, 0 = 10,0 = 0.6, h = 0. a, Selfing equilibrium is unstable to invasion of
outcrossing for £ and g values to the left of each curve (within the enclosing loop). b, Selfing
equilibrium is unstable above and to the right of each line, except that a small region in the
upper right corner is stable for all parameters shown. See text for explanation.

of each line is unstable (except that a small but varying-sized region in the upper
corner of (g, k) is stable for all #). Unless otherwise marked, o = 0.6 and & =
0. All curves have a = 0.9 and p = 1. It is obvious from figure 5 that, for many
sets of parameters, outcrossing can invade for a wide range of k£ and q. In a
systematic search through the range of values of «, 4, p, o, &k, and g, it was
found that 14% of all initially stable selfing equilibria were unstable to outcrossing
modifiers. One strong effect not shown in figure 5 is that of w,. Higher p, enlarges
the region of instability; for p, < 1/2, outcrossing can never invade.

Fitness of Selfed and Outcrossed Offspring

Inbreeding depression, D, is defined as one minus the relative fitness of selfed
and outcrossed offspring. Many workers (e.g., Lloyd 1979; Charlesworth 1980;
Feldman and Christiansen 1984) have used a fixed level of inbreeding depression
along with the relatedness costs of outcrossing, taken to be 1/2, as tools for
understanding the evolution of selfing and outcrossing. Specifically, it is argued
that, if D > 1/2, outcrossing should evolve; otherwise, selfing should be the
favored state.

Campbell (1986) and Holsinger (1988) argued that using constant amounts of
inbreeding depression leads to incorrect predictions about mating system evolu-
tion, because inbreeding depression evolves as the mating system evolves. The
need of incorporating a dynamic view of inbreeding depression has been stressed
in recent work (Charlesworth and Charlesworth 1987, 1990; Charlesworth et al.
1990; Uyenoyama and Waller 1991a, 19915, 1991c¢). Even if inbreeding depression
is defined dynamically as a function of the genotype frequencies it may not ac-
curately predict evolution of modifiers of the mating system (Holsinger 1988;
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Uyenoyama and Waller 1991a, 1991b, 1991c¢, fig. 1 in this article and see below).
Although Charlesworth and Charlesworth (1990) and Charlesworth et al. (1990)
found counterexamples in which inbreeding depression did not predict the course
of mating system evolution, they tended to view inbreeding depression as a suffi-
cient concept for understanding their computer results.

Both the fitness distribution and the mating system distribution coevolve in the
three models studied here. Consequently, the stability results reported above
can be compared with fitness arguments based on the calculation of inbreeding
depression at the outcrossing and selfing equilibria.

In the calculation of inbreeding depression among selfed offspring it is impor-
tant to use the equilibrium genotype frequencies at the adult stage. For randomly
outcrossed offspring, however, it does not matter. Either the adult genotype
frequencies or the offspring genotype frequencies can be used to obtain the gene
frequency that is used to calculate the Hardy-Weinberg offspring genotype fre-
quencies. For the mutation/selection balance model, there is the additional issue
of whether the selfed offspring frequencies are calculated using adult frequencies
after selection or after selection and mutation. The frequencies after both selec-
tion and mutation were used below in calculating the fitness of selfed offspring
for the mutation/selection. balance model. For selfed and randomly outcrossed
offspring, inbreeding depression can be calculated as

D=1-
Tan (G5 + 1/499) + 1/20,, 99 + 0,, (0T + 1/499)

15

Oup () + 11290 + 20,4, + 1120) (W, + 1/29) + 0,00, + 1/29)? (13)
for the heterozygote superiority model, and as

D=1 {lasd =3/4p) + g1+ A — ho) (kv] + 12 pay (16)

T r -+ — k=g v+ 1/4pnasli/( — ho)

for the masking model (since outcrossers always produce offspring with a fitness
of 1 — h o). For the mutation/selection balance model equation (15) is used with
m substituted for o.

For the heterozygote superiority model, equation (15) equals (using eqq. [7]
and [8] in eqq. [2])

1-o
= 1
D o’ (17)
for the selfing equilibrium, and
g(l —o)
= — 18
©_ 27 (18)

for the outcrossing equilibrium.

For mutation/selection balance and recessive mutations (4 = 0; using eqq. [9]
and [10] in eqq. [2] and [A1]), equation (15) equals
- pi Vo + 232 Vo — po
B 2-2u

D (19)
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for the outcrossing equilibrium. The initial equilibrium at the fitness locus under
complete selfing could not be obtained in explicit symbolic form for the mutation/
selection balance model, so this case was studied numerically.

For the masking model at the outcrossing equilibrium, equation (16) equals

(using eqq. [11])

l—-oc+ko—hko+qgo

D=1-
1-ho

(20)
For the selfing equilibrium corresponding to fixation of Hom-mut (using eqq.

[12]),
_(-ho

D .
1-—ho

(21)
For the equilibrium given by equation (14) as well as the internal selfing equilibria
of the masking model, expressions for inbreeding depression are more compli-
cated, although straightforward to obtain by substituting the corresponding equi-
libria into equation (16).

It can be shown using equations (18) and (19) that D < 1/2 is satisfied for all
values of o for the heterozygote superiority model and all values of o with p >
o in the mutation/selection balance model in outcrossing populations. Indeed,
with the exception of the selfing equilibrium under heterozygote superiority, D is
usually less than 0.20 for these models. Nevertheless, in agreement with Hol-
singer (1988) and Uyenoyama and Waller (1991b), we see in figure 1 for the
heterozygote superiority model that outcrossing can increase when rare in a popu-
lation of selfers even though D < 1/2. No such counterexamples were found in
the case of the mutation/selection balance model, although a systematic search
was not conducted.

In the masking model, inbreeding depression is difficult to interpret in symbolic
form except in limiting cases. For recessive lethal mutations at the outcrossing
equilibrium (using eq. [20]), D > 1/2 requires

k+qg<1/2. (22)

This is virtually identical to the eigenvalue condition for stability of outcrossing
(fig. 4a), which is for a« = 0.1 (modifier of small effect). However, for a = 1
(modifier has large effect), the condition for stability of outcrossing is approxi-
mately

k+2q=1/2,

which no longer agrees with the condition based on inbreeding depression. For
the selfing equilibrium corresponding to fixation of mutant homozygotes, D >
1/2 requires o (2 — h) > 1, or, for recessive mutations (&2 = 0), ¢ > 1/2, which
is consistent with the result of the stability analysis.

Recent work (Holsinger 1988; Charlesworth and Charlesworth 1990; Charles-
worth et al. 1990; Uyenoyama and Waller 1991a, 1991b, 1991c¢) has emphasized
that inbreeding depression changes as the mating system evolves, leading to asso-
ciations between the genes determining the mating system and those affecting



MASKING OF MUTATIONS AND SEX 723

fitness. For example, past generations of selfing may purge the line of deleterious
recessives making the evolution of outcrossing less likely. Conversely, past gen-
erations of outcrossing will allow the buildup of more deleterious mutations,
making the evolution of selfing more difficult.

Although the masking model, by assuming constant transmission probabilities
of the Hom and Het phenotypes to offspring, cannot address these issues in a
completely satisfying way, certain aspects of the model do reflect these issues.
The Het frequency is less in a predominantly selfing population than in a predomi-
nantly outcrossing population. For recessive lethal mutations, we can compare
inbreeding depression at the outcrossing equilibrium (eqq. [11]) with inbreeding
depression at the complete selfing equilibrium given by equations (A6). In the
ranges considered, 0 < g < 1/4 and 0 < k < 1/2, inbreeding depression is always
greater at the outcrossing equilibrium than at the selfing equilibrium, reflecting
the purging of deleterious alleles that occurs under selfing with probability g. The
difference in inbreeding depression at these two equilibria derives from the fact
that the fitness of selfed offspring changes as the mating system evolves in the
masking model. Nevertheless, the fitness of selfed offspring is not a sufficient
variable to understand the evolution of the mating system in this model.

DISCUSSION

Limitations of Models

The use of a single locus to represent fitness effects of deleterious alleles per-
mits mathematical analysis of what, in reality, is a complicated multilocus prob-
lem. However, this same assumption is also a limitation of the models studied
here. The low levels of inbreeding depression and the attendant difficulty in se-
lecting for outcrossing in the mutation/selection and heterozygote superiority
models can be traced to this single-locus assumption and the assumption of no
pollen discounting (Uyenoyama and Waller 1991a, 1991b). The assumption of no
pollen discounting maximizes the cost of males. The case of a single fitness locus
represents a worst-case situation for the evolution of outcrossing (as does the
assumption of no pollen discounting) when deleterious alleles are maintained by
heterozygote superiority or mutation/selection balance. It was for this reason that
the masking model was developed.

Before considering the masking model, consider the selfing equilibrium of the
heterozygote superiority model (fig. 1). It is understandable why, in this two-locus
system, larger selective values are unfavorable to outcrossing. This is easiest to
see in the extreme case of lethal alleles, o = 1.0. In this case, all adult genotypes
must be heterozygotes and the offspring genotypes are identical whether pro-
duced by selfing or by outcrossing. Therefore, outcrossing can have no beneficial
effect in terms of the fitness of its offspring when compared to selfing. Since
outcrossers must still pay the costs of outcrossing, selfing is stable. Generalizing
from this extreme case we can expect that, as ¢ approaches 1.0, the difference
between selfed and outcrossed offspring decreases and the evolution of outcross-
ing becomes more problematic. This is shown clearly in figure 1 as inbreeding
depression decreases to zero as o approaches 1.0.
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This effect of extreme values of ¢ is most likely an artifact of the assumption
of a single fitness locus. In a multilocus setting, outcrossing mates are likely
heterozygous for different lethal alleles yet the ‘‘mates’’ of selfers are still hetero-
zygous for the same lethal alleles and so express them more often. This cannot
be represented in the two-allele, single-locus model studied here but is assumed
to be the case in the masking model.

Interpreting k, q, and o in the Masking Model

The most important parameters in the masking model are o, the fitness differ-
ence between heterozygotes and homozygotes, &, the probability that selfers can
maintain heterozygosity at all loci harboring deleterious alleles, and, g, the proba-
bility that selfers can purge their genome of all deleterious alleles. The expression
1 — k can be interpreted as measuring the difference between selfers and out-
crossers in masking ability, because outcrossers were assumed to maintain het-
erozygosity with probability 1. This might be true in an infinite population for
rare deleterious alleles, but finite population size and inbreeding will reduce the
masking probability for outcrossers below 1.

In the masking model, outcrossing is usually stable when common (in competi-
tion with selfing) so long as heterozygous offspring are more than twice as fit as
mutant-homozygote offspring (¢ > 1/2), mutations are nearly recessive, outcross-
ers produce more than twice as many heterozygotes as do heterozygous selfers
(k < 1/2), and the probability that a heterozygous selfer purges its genome of
mutations is low (¢ << 1/4). These conditions should often be satisfied. For any
particular locus, the frequency of heterozygotes among selfed offspring must be
1/2 by Mendel’s laws. However, the probability that a selfer produces either
heterozygotes or wild-type homozygotes at all such fitness-determining loci will
be less than 1/2, so long as the selfer is heterozygous at more than two such loci.
For example, if an individual carried » mutations in heterozygous condition, all
on separate chromosomes, the probability that a selfer produces an offspring that
is heterozygous at all loci is (1/2)". However, we also include in Het the individu-
als that are heterozygous at n — i loci and homozygous wild type at i loci (0 =
i < n). The overall probability of Het offspring is then

n—1 n 1 n—i 1 i
k= 2 <z> <2> (4) ’
which is equal to 1/2, if n = 1 or 2, and less than 1/2 if n > 2. The probability
that a selfer produces an offspring that is homozygous for the wild-type allele at
all loci (in other words, a Hom-wt offspring) is g = (1/4)". For these reasons,
1/2 and 1/4 are taken to be upper limits for £ and g, respectively. Most offspring,
one minus the probabilities of being Het and Hom-wt, will be Hom-mut, that is,
homozygous for deleterious alleles for at least one of the loci. With five such loci,
more than 75% of the offspring will be Hom-mut.

For lethal recessive alleles (o = 1.0, 2~ = 0), any & and g such that kK + g <
1/2 is sufficient for outcrossing to be stable when common (see fig. 4, left). If
there are more than two lethal alleles in the genome this condition will usually
be satisfied. For human populations, ‘‘almost everyone carries the equivalent of
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more than one lethal recessive gene in the heterozygous condition’ (Cavalli-
Sforza and Bodmer 1971, p. 364). After their review of the data, Lande and
Schemske (1985) conclude that typical individuals in large outbreeding popula-
tions are heterozygous for one or more nearly recessive lethal (or sublethal)
genes. The level of lethal mutations will be much lower in predominantly selfing
populations (Lande and Schemske 1985; Hopf et al. 1988), and, once selfers are
able to purge the genome of mutation, outcrossers have more difficulty getting
started. The conclusion of the masking model, that outcrossing is favored when
common if there are more than two recessive semilethal mutations in the genome,
appears to be widely met. Nevertheless, the model ignored many important genet-
ical issues that have been addressed by recent work.

Recent Work on Inbreeding Depression and the Evolution of Outcrossing

Uyenoyama and Waller (19914, 19915, 1991c¢) have explored analytically the
associations that develop between modifiers of the mating system and elements
of inbreeding depression. Their work suggests that genetic associations are an
important factor in the evolution of mating systems, in addition to the factors of
pollen discounting and fitness of offspring. These workers argue that there is an
evolutionary advantage to modifiers of mating systems that produce extremes in
offspring fitness, because these extremes in fitness produce greater associations
of the modifiers with high fitness genotypes. In some cases, selfing alleles produce
more extreme fitness phenotypes (segregation at a single fitness locus with recur-
rent mutation). However, in other cases outcrossing modifiers evolve greater
associations with high fitness phenotypes (two fitness loci with recurrent muta-
tion, a single overdominant locus). Indeed, these authors find that a single over-
dominant locus located anywhere in the genome can dominate the evolution of
the mating system, favoring outcrossing even if levels of inbreeding depression
are well below 1/2.

Uyenoyama and Waller (1991a, 19916, 1991c) and Charlesworth et al. (1990)
studied the evolution of selfing and outcrossing using a model of multiple unlinked
viability loci with recurrent mutation and concluded that mildly deleterious muta-
tions are more favorable to the evolution of outcrossing than are lethal or semile-
thal mutations. The reason appears to be that, for lethal and semilethal mutations,
selfing alleles are more able to form associations with wild-type fitness alleles.
This conclusion may appear to be at odds with the masking model, which found
in one case greater stability of outcrossing as the severity of the mutations in-
creased (fig. 4a). However, in another case (fig. 5a), as the severity of the muta-
tions decreased, the evolutionary prospects of outcrossing increased.

These effects in the masking model and the conclusions of Uyenoyama and
Waller (19914, 1991c¢) and Charlesworth et al. (1990) just discussed concern differ-
ent matters. In analysis of the masking model, we considered only two initial
states, complete outcrossing or complete selfing. Charlesworth et al. (1990) and
Uyenoyama and Waller (19914, 1991c¢) based their conclusion on the fact that in
their models a wider range of initial outcrossing rates were stable for mildly
deleterious alleles than for nearly lethal alleles, something that we have not con-
sidered.
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For nearly lethal mutations, high levels of outcrossing are stable to the invasion
of alleles promoting small changes in the selfing rate (Charlesworth et al. 1990,
fig. 6a). However, large increases in the selfing rate are favored in predominantly
outcrossing populations. In addition, these workers find that high levels of selfing
are also stable for nearly lethal mutations to the invasion of outcrossing alleles.
For mildly deleterious mutations, outcrossing is stable over a wider range of
initial outcrossing rates. However, selfing is still stable when it dominates the
population even for mildly deleterious, unlinked mutations (Charlesworth et al.
1990, fig. 6b).

The conclusions of these articles (Charlesworth et al. 1990; Uyenoyama and
Waller 19914, 19915, 1991c¢) give further insights into the complexity of the prob-
lem of deleterious mutation and reproductive system. The advantage to outcross-
ing in masking lethal or nearly lethal mutations stems from the high probability
that outcrossing mates are heterozygous at different loci. Uyenoyama and Waller
(1991¢) have shown that the condition for increase of modifiers of the mating
system in a model of multiple unlinked viability loci undergoing mutation to lethal
alleles is basically the same as it is for the case of a single viability locus. For this
reason, it is not unexpected that these models are unfavorable for the evolution of
outcrossing. Although they are multilocus models they give the same result (as far
as the initial increase for alleles changing the mating system) as does a single-locus
mutation model. With just one viability locus undergoing mutation to a lethal
allele, most parents will be identical heterozygotes at the same viability locus. In
this case, selfing parents and outcrossing parents have almost identical offspring
distributions, because most matings will be between identical heterozygotes re-
gardless of the mating system. The advantage of outcrossing can only be obtained
when an outcrosser’s mate is heterozygous at a different locus, something that
cannot occur in a one-locus model. Furthermore, as discussed above in relation
to figure 1, we can see in this a reason why the prospects of outcrossing are
diminished as the viability effect of mutation becomes more severe.

Masking Compared with Variance in Offspring Mutation Load

Masking of deleterious alleles depends on heterozygosity within individuals,
whereas the Fisher/Muller hypothesis for sex depends on differences between
individuals in numbers of mutations. Muller (1964) first emphasized the impor-
tance of deleterious mutation in the evolution of sex. He pointed out that an
asexual population incorporates a kind of ratchet mechanism by which it continu-
ally accumulates deleterious mutations. Sexual populations have the potential of
avoiding this ratchet effect because offspring are produced with a variable number
of mutations, some having more and some having fewer mutations than either
parent. Further work has shown the ratchet effect to be most effective in small
populations with mutations of small effect (Haigh 1978; Maynard Smith 1978).
Kondrashov (1985, 1988) has shown that the greater variance in offspring muta-
tion load (number of mutations) among sexuals can select for sex even in large
populations. This requires that mutations interact synergistically, as proposed by
Crow (1970), so that each additional mutation has a greater detrimental effect on
fitness. According to the Muller/Kondrashov theory, all aspects of sex (recombi-
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nation, independent assortment, and outcrossing) have a similar function in that
they promote a greater between-individual variance in mutation load.

The three models studied here differ in their bearing on the Muller/Kondrashov
theory and the theory that outcrossing serves to mask deleterious recessive or
partially recessive alleles. The masking model was specifically developed to avoid
the production of variable progeny by outcrossing and to include only the masking
effects of outcrossing. The heterozygote superiority and mutation/selection bal-
ance models, although allowing outcrossers to produce progeny with variable
numbers of mutations, are decidedly limited in this regard because of the assump-
tion of a single fitness locus and should not be interpreted as a test of the Muller/
Kondrashov view.

There are similarities and differences between the hypothesis that outcrossing
is adaptive as a result of its effects on offspring mutation load (Muller 1964;
Kondrashov 1984, 1985, 1988) and the hypothesis that outcrossing is adaptive
because it masks hidden deleterious alleles (Bernstein et al. 1981). Both processes
require that the parents be genetically different, that is, carry mutations at differ-
ent loci. However, masking does not require between-individual variation among
offspring, whereas this is the essence of the Muller/Kondrashov hypothesis. For
the purpose of distinguishing between these two effects of sex, masking and
variance in offspring mutation load, the masking model assumed that the offspring
of outcrossers were all alike (they were all Hets).

In addition to not depending on differences among offspring in mutation load,
masking is most effective without such differences. Indeed, masking is greatest
without sex at all. For example, mitotic diploid reproduction can, in principle,
maintain a recessive deleterious allele at each and every locus. So why is mitosis
not the reproductive system of choice? Mitotically reproducing diploids cannot
put their internal redundancy to good use in repair of DNA damages without
recombination. But with recombination and without outcrossing, diploids pay the
costs of expressing (unmasking) deleterious alleles (discussed here for selfers). It
is only because of the two needs—recombinational repair of DNA damage and
masking deleterious mutations—that sex, that is, outcrossing coupled with re-
combination, becomes the reproductive system of choice (Bernstein et al. 1985b).
This view is discussed further below.

There are a variety of reproductive tactics allowed under the masking hypothe-
sis but not under the offspring variance hypothesis. For example, a female could
in principle mate with a male, keep the male genome in her somatic cells for the
benefit of masking, but not pass the male genome on to her offspring. Such a
female would achieve the benefits of masking but avoid the relatedness costs of
outcrossing. However, it is difficult to see how such a hypothetical female could
achieve the benefits of recombinational repair of DNA damages without passing
on some of the male genome to its offspring. Additionally, counterselection in
males may prohibit it from occurring. Nevertheless, paternal genome loss does
occur in some scale insects and in pseudo-arrhenotoky in the phytoseiid mites
(Sabelis and Nagelkerke 1988). Whether our understanding of the diversity of
reproductive systems in these groups might benefit from the perspective devel-
oped in this article requires further analysis.
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Outcrossing as a Process That Ensures Uncorrelated Errors,
Whether in Haploids or Diploids

According to the repair hypothesis (Bernstein et al. 1984; Michod et al. 1988;
Michod 1991), outcrossing originated for the function of bringing DNA template
into a cell for damage repair. Implicit in this view is the assumption that outcross-
ing would bring in DNA that was undamaged at the sites of damage in the recipi-
ent’s genome. Of course, the DNA brought in by outcrossing would likely have
damages at other sites. The chances are very small that the two pieces of DNA
would be damaged at exactly the same site. Thus, on a more general level, out-
crossing originated for the function of bringing into a cell DNA template with
uncorrelated errors, specifically, uncorrelated damages. We have seen here that
outcrossing can maintain this general function of preserving uncorrelated errors
in the diploid state, even when the diploid state becomes dominant, so long as
we shift our attention from damages, which are nonreplicable errors, to muta-
tions, which are replicable errors.

By their very nature, damages are nonreplicable errors, and, since damages
accrue independently on homologous chromosomes even in the same cell, the
two chromosomes in the diploid state are unlikely to have damages at the same
sites. For this reason, outcrossing was no longer necessary for efficient damage
repair, once diploidy emerged as the dominant stage in the life cycle. Once the
diploid stage became the dominant stage at which selection acted in the life cycle,
recessive and nearly recessive mutations accumulated, since they were masked
in the diploid state. Because mutations are by their nature replicable, closed
systems of reproduction, such as selfing, produce correlations in the locations of
mutations in the two resulting chromosomes that end up in the diploid zygote. As
shown here, their expression can lower fitness to the point that selfing becomes
disadvantageous even when its twofold intrinsic advantage is taken into account.

The Evolution of Sex

Bernstein et al. (1985b) argued that the two major components of sex, recombi-
nation and outcrossing, serve different functions in diploids, although they serve
a common function in haploids. According to this view, recombination originated
and is maintained by the advantage of recombinational repair of DNA damages.
Damages in DNA are nonreplicable but recognizable (by enzymes) errors. In
contrast, mutations are replicable but nonrecognizable errors. Since damages can
be recognized by enzymes, they may be repaired so long as there is a second
copy of the information available. In haploid organisms, outcrossing is necessary
to provide the second copy of DNA. Thus according to our view, both aspects
of sex, recombination and outcrossing, originated for the function of repair of
genetic damage. Experimental support for this hypothesis has been obtained in
the case of natural transformation in the bacterium Bacillus subtilis (Michod
et al. 1988, 1990; Wojciechowski et al. 1989; Hoelzer and Michod 1991).

Although there is evidence that outcrossing originated in haploids for the pur-
poses of repair, it is unlikely that it is maintained in diploid organisms for repair
(Bernstein et al. 1981, 1984, 19854, 1985b, 1985¢). This is because only a second
homologous chromosome is needed for recombinational repair, and, once dip-
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loidy emerged as the dominant stage in the life cycle, outcrossing was no longer
necessary to provide this chromosome. If there were not another advantage to
outcrossing, other than the need for DN A template for repair, outcrossing should
have been abandoned once diploidy became the dominant stage of the life cycle
in favor of closed systems of recombinational repair such as selfing or automixis.
These closed systems of recombinational repair should have similar repair capaci-
ties as outcrossing (Bernstein et al. 1985b). However, they enjoy an intrinsic
advantage over outcrossing if selfing individuals still contribute gametes to the
outcrossing pool of pollen (Fisher 1941; Karlin and McGregor 1974; Feldman and
Christiansen 1984). Bernstein et al. (1981, 1984, 19854, 1985b, 1985¢) argued that
outcrossing was maintained when diploidy emerged as the dominant stage of
the life cycle because of the greater masking of recessive or partially recessive
deleterious mutations that occurs under outcrossing than under automixis or
selfing.

The sexual cycle is a complex process involving a number of distinct compo-
nents, and these components need not serve a single function. It is therefore
surprising that the common assumption, at least in population genetic models, is
that these different components of sex serve one basic function, the removal
of linkage disequilibrium (see Felsenstein 1988 for an overview). This view is
insufficient for a complete account of some of the components of sex, which are
independently known to have direct effects on fitness. For example, it is well-
known that recombination-deficient mutants suffer large decreases in fitness in
damaging environments (for review, see Bernstein et al. 1987).

We have adopted the view that the sexual cycle is decomposable into two basic
components, recombination and outcrossing, that serve different functions, at
least in diploids. Recombination functions to repair DNA damages, and outcross-
ing functions to mask the expression of deleterious mutations that occurs with
recombination in closed systems such as selfing. The present work does not
address the origin and evolution of recombination, diploidy, or independent as-
sortment. Rather, it assumes that these aspects of sex exist and addresses the
question of whether they occur in the context of an ‘‘open’’ system like outcross-
ing or a “‘closed’’ system like selfing.

As mentioned above, of the two components of sex, recombination and out-
crossing, recombination is more basic to life. In light of the view that recombina-
tion helps serve the basic need of DNA repair, the main unsolved problem con-
cerning the evolution of sex is why recombination usually, but not always, occurs
in an open system like outcrossing and less often in the context of closed systems
such as selfing. Work on inbreeding depression and the evolution of selfing and
outcrossing gains special significance when viewed in this context. The work
presented and reviewed here suggests that the benefits of masking may provide
enough selective force to account for the fact that recombination usually, but not
always, occurs in the context of open systems like outcrossing.
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APPENDIX

RECURRENCE EQUATIONS FOR HETEROZYGOTE SUPERIORITY
AND MUTATION/SELECTION BALANCE MODELS

The mutation process in the mutation/selection balance model is represented as follows.
Let superscript m indicate genotype frequencies after mutation and selection and o the
frequencies after selection (eqq. [2]):

up = (1 — pyuy
vit=(0 =i+ 2 - puf
wit = w{ + p2uf + pvg
up = (1 — wug
vii=(1—pwvi+ 10— ppu
~2 -2 2 (Al)
W=0-wi+A-ppu
wi = w§ + pzug + g+ vy
wf = (1= wug
vi=(1 -—wv§+2pd - pus
wi = w{ + prug + uvg
The generation-to-generation recurrence equations are derived in the following way. Let
x’s be the gametic frequencies in random pollen, and X’s the frequencies of all eggs of the
given gametotypes that accept random pollen (the subscripts 1, 2, 3, and 4 refer, respec-
tively, to gamete types AM, Am, aM, and am). Our equations (A2) embody the assumption
that selfing and outcrossing females contribute equal amounts of pollen to the pollen pool
(no discounting), because the pollen frequencies do not depend on the selfing probabilities:
Xp=u +up 12 +vi 12+ 120 =1 vy + 121,
Xi=0-opuyy +Q —a)up 124+ —apvi1/24+120 -1 - ayv,
+1/2r(1 — ay) v,
X = U3+ up 12 +v3 12+ 9,1 =12+ 12rv,
X,=(1—-o)us + (1 —a)up 172+ (1 —az) v31/2 + (1 — ap) v, (1 — 1) 1/2
+12r(1 — o) vy
X3 =w; +w, 12+ v 12+ A =rv,1/2 +rvy,1/2
Xs=U0—odw + (1 —ax)wy 12+ A —a)vi 172+ A —a) (1 —1r)v,1/2
+ (1 —ay)rv,1/2
Xg=w3 + w12+ v;1/24+rv, 1124+ 0 —-1v,1/2
Xy=(I—apdws+ (1 —a)dwy 172+ (1 — o) v31/2+ (1 — ) rv, 1/2
+(1-a)A=1rv,1/2

(A2)
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The complete mixed mating genotype frequency equations are given next:
ui =Xy x Fogu +Foup/d+ avi /4 + ay v, (1 — 12+ ¥, 1% 1/4
uy = X1 x + Xox1 + aauy 1/2 + ay (v +v)2r(1 — 1) 1/4
uy = Xy x, + aqus + opuy 1/4 + a3 v 1/4 + o, [5, (1 — 1% + v, 14 1/4
vi=Xix+Xsx v 124+ 0,0, +9)r(1 —1)1/2
vy =X x4+ Xox, o [v,1 — P2+ 5,7 1/2
Vh=Xox3 + Xsx, o[+ 5, (1 — 0172
vi=Xoxs + XyXyg o33 1/2 4+ (v +9)r (1 — 1) 1/2
wi=Xoxy+ awp + auw, 1/d + oy 1/d + ay[v,r2 + %, (1 — r? 1/4
wy = Xyxs + Xgxs +oow, 1/2 + vy +v)2r (1 — 1) 1/4
Wi = Xgxg +ogwy + aawy 1/4 + agvy 1/4 + oy [va (1 — 12 + ¥, 1] 1/4
In equations (A2) and (A3), the superscript o (eqq. [2]) or m (eqq. [Al]) notation is
dropped, but it is assumed that the genotype frequencies after selection (eqq. [2] in the
case of heterozygote superiority) and after selection and mutation (eqq. [Al] in the case
of mutation/selection balance) are to be used in the right-hand side of equations (A2) and
(A3).

Equations (A3) are similar to those studied by Karlin and McGregor (1974, eqq. 9.18),
except for the added complexity of selection and mutation. Fisher (1941) was the first to
point out that alleles promoting selfing enjoy a considerable advantage over alleles promot-
ing outcrossing if the selfing alleles do not affect the contribution of selfers to the pollen
pool. He considered a one-locus model with additive effects at the selfing locus (the M/m
locus here). His model and results were obtained from equations (A3) by setting o4, =
Ope =0 =L n=0,0,=0,0p,=050;3=10,andv, = v, =V, =v; = w =w,
= w; = 0. Likewise, equations (A3) were checked by setting 044 = 04, = 0,, = | and

= 0 and by using Karlin and McGregor’s (1974) parameterization of the selfing matrix,

AA Aa aa
MM oy B o
Mm o, B o’
mm o3 B oz

(A3)

instead of array (1a) above and comparing results of the linear stability analysis with the
results reported by Karlin and McGregor (1974).

RECURRENCE EQUATIONS FOR MASKING MODEL

Let x;, and x,, be the frequencies of M and m alleles in random pollen, and let X;, and
X,, be the frequencies in eggs that accept random pollen. Again, we assume that the
frequencies in pollen are not affected by the selfing phenotype (no discounting):

Xy =0 —a)@]+vi+w)+ A - o) @§+v§+wsdl/2
Xy =u] +ugl/2 +vi+v§1/2 4+ wi+wsl/2
M 1 2 1 2 1 2 (Ad)
X

Y

=1 — o) @+ v+ w) + (1 — ) (U +v§ +ws)1/2
X, =u§ +ugl/2 +v§+v§1/2 + wi+ wil/2
The complete generation-to-generation recurrence equations are then
ui=qovi+qopvil/d+ 1A —pp+ ppl/Hajuf + 1 — pp + ppl/4) o, ug 1/4
uy =qa,v§1/2 + (1 —pp + pp /4 o, ug 1/2
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uy=qo,v§l/d+ qosvi(l — pp + up /o, u§ 1/4 + (1 — pp + pp 1/4) ez ug

vi=ppl20,u§ + ppl/8ayuf + koyv§ + ka, v 1/4 + x, X,

vh=wpldoa,ud + ko, v§1/2 + xp X, + x,, Xpy

vi=pmpl/8ayuf + pupl/203u§ + ko, v§1/4 + ko v§ + X, x,, (AS)
wi=ppl/dou] +ppl/160,uf + (1 —k—qayvi+ 1 —k—q)a,v§1/4

+ oy wy + o, wg1/4

wiy=ppl/8a,uf + (1 —k—q@oyvil/2 + a,w§1/2

wi = upl/16 0, uf + ppl/dozuf + (1 —k—q)oyvil/d+ (1 -k — q@) oz v§

+ o, w§ 1/4 + a3 wg.

Note that, since, by assumption, Hom phenotypes are not produced by outcrossing, the
frequencies u{, u5, u3, wi, wjy, and w3 do not include contributions from the frequencies
in random pollen and eggs (eqq. [A4]). However, since Het phenotypes can be produced
by both selfing and outcrossing, the frequencies vi, v;, and v; include contributions from
both the selfing and outcrossing portions of the population. These recurrence equations
(A95) include the intrinsic advantage of selfing at the M/m locus studied by Fisher (1941)
but involve in addition the complexities of selection among the Het and Hom phenotypes,
the frequencies of which evolve as the mating system evolves.

A SELFING EQUILIBRIUM FOR THE MASKING MODEL
The following equilibrium frequencies apply fora; = 1, pp = 1, h = 0,and o = 1:
g o Ll-4k+12g-16kg—A+4q4
! 24 — 32k —32q

_1+6k—8K—8g+A—2kA
12— 16k - 16q

(A6)

3
and
wy=1-4d, — v,
in which
A=(1-8k+ 16 K + 32 ¢)'2.
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